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Viruses are increasingly being recognized as an important biotic component of all ecosystems including 
agents that control the rapid ecological events that are harmful algal blooms (HABS).  Aureococcus 
anophagefferens is a pelagophyte which causes recurrent ecosystem devastating brown tide blooms along 
the east coast of the USA and has recently spread to China and South Africa.  It has been suggested that a 
large virus (AaV) is possibly an important agent for demise of brown tide blooms. This observation is 
consistent with the recognition of a number of other giant viruses modulating algal blooms in marine 
systems. In this dissertation, we investigated both the molecular underpinnings of Aureococcus-AaV 
interactions and the dynamics of AaV and the associated viral community in situ. We determined the 
genome sequence and phylogenetic history of AaV using high throughput sequencing approach and 
revealed it’s intertwined evolutionary history with the host and other organisms. Building upon the 
available genome of AaV and its host, we took an RNA-seq approach to provide insights on the 
physiological state of the AaV-infected Aureococcus ‘virocell’ that is geared towards virus production. In 
situ activity of AaV was detected by targeted amplicon and high throughput community RNA sequencing 
(metatranscriptomics) from Quantuck Bay, NY, a site with recurrent brown tide blooms. AaV and 
associated giant algal viruses in the Mimiviridae clade were found to respond to environmental changes, 
indicating that this newly recognized phylogenetic group is an important contributor to the eukaryotic 
phytoplankton dynamics.  Analyzing time series metatranscriptomics from two distinct coastal sites 
recovered diverse viruses infecting microeukaryotes (including AaV) as part of interacting networks of 
viruses and microeukaryotes. Results from these studies testify AaV as an important factor for brown tide 
bloom demise, reveals the molecular underpinnings of AaV-host interactions and establishes the 
ecological relevance of Mimivirus-like algal viruses. We also provide foundation for using 
metatranscriptomics as an important tool in marine virus ecology – capable of recovering associations 
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In the quest of defining life, viruses have always been neglected as byproducts of cellular biological 
entities: bags of escaped genes from the cells (Forterre, 2010). However, viruses have recently enjoyed 
renewed interest from the scientific community owing to advancements in both molecular and 
evolutionary biology. The recent availability of genomic data from a wide number of cellular life forms 
and viruses has provided unprecedented insights on the possible contribution of viruses in cellular 
evolution. There are  several hypotheses (reviewed in (Forterre, 2010)) that put viruses at center stage of 
cellular evolution. For example, it has been proposed that viruses existed even before the Last Universal 
Common Ancestor (LUCA) (Bamford, 2003), that cellular replication machineries for informational 
molecules (DNA and RNA) originated in the viral world (Forterre, 1999) and even viruses induced the 
transition of cells from RNA to DNA genomes – which triggered the emergence of three distinct domains 
of life (Forterre, 2006). Adding to these virocentric perspectives on evolution, it was recently proposed 
that a large, dsDNA virus might be the origin of the eukaryotic nucleus (Takemura, 2001), while a protein 
encoded by a retrovirus integrated in the mammalian genome was shown to initiate placentation in 
mammals (Prudhomme et al., 2005). Despite all these discoveries and propositions on the profound role 
of viruses in the evolution of the ‘living’ organisms, a question remains open ‘Are viruses alive 
themselves?’ The recent discovery of some unusually large ‘giant viruses’ or ‘giruses’ infecting 
unicellular eukaryotes has renewed interest in this question (Raoult et al., 2004, Boyer et al., 2010). 
Observing the complexities in their genomic content and replication strategies inside the host, some 
scientists have gone as far as to propose a new domain of life (Boyer et al., 2010). Some even argue that 
the intracellular stage of viruses should be considered the actual ‘virus organism’ (Forterre, 2013), with 
free virion particles no more analogous to virus than fish eggs to actual fish. While these giant viruses 
fascinate scientists seeking answers to questions pertaining to evolution of life, they have also caught the 
attention from the microbial ecologists, due to their possible contribution to the Earth’s biogeochemistry 
as manifested through their interaction with aquatic microeukaryotes (Short, 2012). In this chapter we 
review the current knowledge regarding the origin, evolution and ecology of giant viruses infecting 
microeukaryotes, emphasizing their ecological dynamics in the marine system. 
Giant viruses: Origin and evolution 
Unusually large viruses infecting diverse eukaryotes have caught widespread attention of scientists 
recently, but the observation of large viruses inside different eukaryotic cells goes back to several 
decades. For example, Granoff et al reported Frog virus 3, the type species in the Iridoviridae family in in 
1966 (Granoff et al., 1966). The ultrastructure of certain algae, for example, Micromonas pusilla (Mayer 
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& Taylor, 1979), Oedogonium sp. (Pickett-Heaps, 1972), and Uronema gigas (Dodds & Cole, 1980) 
revealed large virus like icosahedral particles as early as the 70’s. Drawing a dichotomy between 
‘large/giant viruses’ and ‘regular viruses’ strictly based on particle or genome size is difficult – it is likely 
that no clear limit exists on the genome size or complexity of a giant virus that is yet to be isolated 
(Claverie et al., 2006). A recently proposed set of criteria that seem to be reasonable are a genome size 
≥200,000 bp and/or particle size ≥0.2 µM (Wilhelm et al., 2016). These limits allow inclusion of majority 
of the giant viruses isolated till date. 
In 2001, Iyer et al showed through phylogenetic analysis of homologous genes that a number of large 
dsDNA viruses infecting diverse eukaryotes are evolutionarily related, having a common ancestor (Iyer et 
al., 2001). In that paper, they first coined the phrase ‘Nucleocytoplasmic Large DNA Viruses (NCLDVs)’ 
to refer to such viruses. The rationale behind this assignment was the fact that Poxviruses complete their 
replication cycle entirely in the cytoplasm of the host, while other viruses, namely Iridoviruses, African 
Swine fever virus and Phycodnaviruses (infecting eukaryotic algae) complete part of their life cycle in the 
cytoplasm and/or nucleus of the host. The fact that these viruses are rather large compared to their 
bacteriophage or RNA virus counterparts was indeed recognized by the scientific community.  However, 
things took a dramatic turn when the Mimivirus was officially reported (Raoult et al., 2004). With its 1.2 
Mbp genome, rivalling some parasitic bacteria, Mimivirus was a true giant in the virus world in terms of 
genomic content and size. What’s interesting is Mimivirus was actually isolated in 1995, but was 
mistaken as a ‘gram-positive’ bacteria because of its large size and staining characteristics (Raoult et al., 
2007). A follow up phylogenetic study by Iyer et al (2006) revealed that Mimivirus shares common 
ancestry with other NCLDVs, thereby making it the biggest ‘giant’ in the realm of NCLDVs at that time. 
However, Mimivirus quickly lost its crown to Megavirus chilensis, a virus isolated from the marine 
system capable of infecting Acanthamobea, having a genome size of 1.26 Mbp and 440 nm capsid. The 
scientific community was left awestruck by the discovery of Pandoravirus (~2.5 MBp genome) (Philippe 
et al., 2013) and Pithovirus sibericum, a virus resurrected from a 30,000 years old permafrost soil 
(Legendre et al., 2014). As we will discuss in Chapters I and III, the genomics and phylogenetics of giant 
viruses is a rapidly evolving discipline, with new findings frequently reshaping our ideas on their ecology 
and evolution. One outcome of this rapid unfolding insight is the proposals to restructure the taxonomy of 
NCLDVs. Recently, an order ‘Megavirales’ was proposed for the NCLDVs which pass a number of 
‘inclusion criteria’ which include viral particle size, presence of jelly roll capsid, the presence of NCLDV 
core genes and common ancestral origin (Colson et al., 2012). As will be discussed in Chapter III, 
discovery of the Mimiviridae family was proposed to reassign as ‘Megaviridae’, that includes viruses 
infecting both algal and non-algal hosts (Arslan et al., 2011, Santini et al., 2013). None of these proposals 
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are approved by International Committee of Taxonomy of Viruses (ICTV) yet. Throughout this 
dissertation, we used the family name Mimiviridae and Megaviridae interchangeably, which reflects our 
view on the classification of these viruses as it has evolved over time.  
A question central to the evolution of giant viruses is their origin. The first attempt to decipher the origin 
of NCLDVs put forward the 4
th
 domain hypothesis – that giant viruses represent a possibly extinct 
domain of life. Phylogenetic analysis of a number of informational genes in NCLDVs demonstrated their 
deep monophylatic branching within Eukarya and Archaea, congruent with the three domain of life as 
reconstructed using the ribosomal gene based phylogeny (Boyer et al., 2010). This idea has been 
subjected to a lot of debate and rigorous testing by other research groups. The first rebuttal of this 
hypothesis came from a reanalysis of the original data, where the data was fit to better models taking 
homoplasy and compositional heterogeneity of the sequences into account (Williams et al., 2011). The 
reanalyzed trees couldn’t reject the hypothesis that these genes could be acquired through horizontal gene 
transfer, and thus a forth domain was not necessary to explain the data.  A comprehensive analysis on 
Mimi-, Pandora- and Pithovirus by Yutin et al. (2014) which belong to the proposed order ‘Megavirales’ 
revealed further insights on the origin of giant viruses. In these viruses, all the nearly universal cellular 
genes except one were found to branch within the eukaryotic tree, indicating that these genes were 
possibly acquired from the hosts during the course of evolution. Only one gene was found to be 
compatible with the fourth domain hypothesis, which formed a weakly supported sister-clade with the 
eukaryotic homologs.  Detailed phylogenomic analysis of the genes in these viruses having cellular 
homologs found majority of these genes to be eukaryotic and bacterial origin. Additionally, 
reconstruction of gene loss and gain in these viruses tracked their likely origin in viruses with smaller and 
simpler gene repertoires (Yutin et al., 2014). Polintons are large eukaryotic transposons, which were 
found to share blocks of homologous genes with diverse viruses, virophages, transposons and plasmids 
(Koonin et al., 2015). The presence of jelly roll capsid proteins similar to Phycodnaviridae members and 
two Megavirales homologs of virus morphogenesis protein in Polintons suggests that Polintons possibly 
produce functional viruses under still unknown circumstances, and share evolutionary link with giant 
viruses (Krupovic et al., 2014, Krupovic & Koonin, 2015). Together, this evidence supported a 
hypothesis that ‘Megavirales’ members inherited the virus morphogenesis module from Polintons 
(Koonin et al., 2015).  
The genetic potential of giant viruses 
The large number of genes harbored by giant viruses gives rise to questions regarding their potential 
functions and how carrying these genes can provide a fitness benefit in terms of resources required for 
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replicating such large genomes (Wilhelm et al., 2016). While the core genes shared across different 
NCLDV families mostly are involved in genome replication, transcription and virion morphogenesis 
(Koonin & Yutin, 2010),  much is still unknown regarding the  genes putatively acquired from diverse 
organismal sources via horizontal gene transfer (HGT) that dominate the genomic space of giant viruses. 
One of the very first insights regarding the cost and fitness benefits of harboring such a massive genome 
came from an experiment where Mimivirus was propagated within Acanthamoeba for 150 generations in 
an axenic condition (Boyer et al., 2011). This resulted in the emergence of a Mimivirus strain which 
showed dramatic genome reduction at the terminal regions. Interestingly, this new strain lacked the 
typical surface fibers and was protected from virophage attack. It was suggested that the allopatric 
lifestyle without co-occurring bacteria and other organisms might let Mimivirus lose the genes that could 
otherwise be useful in competition for cellular niche and host internalization (Boyer et al., 2011).  
Functional insights into some of the giant virus specific genes have been obtained through in vitro and in 
silico approaches. It has been suggested that viruses with large genomes possibly encode proteins that can 
modulate host-virus interactions at different levels rather than having a direct role in virus reproduction 
(Yutin & Koonin, 2012). Perhaps one of the most notable examples is the acquisition of genes encoding 
sphingoplipids by the E. huxleyi viruses from the host (Monier et al., 2009). As we will discuss later in 
this chapter, these genes play a profound role in modulating processes related to viral morphogenesis and 
apoptosis in the E. huxleyi ‘virocell’(Rosenwasser et al., 2016).  
The function of a number of genes have been elucidated in the Chlorella viruses using recombinant 
protein expression approach, giving insights into possible role of these genes in giant virus – host 
interaction. PBCV-1 encodes a functional hyaluronan synthase, and cell surface hyaluronan is produced 
on the surface of the infected hosts (DeAngelis et al., 1997). It was hypothesized that production of 
hyaluronan might prevent the uptake of the infected algae by Paramacium, or even facilitate 
attachment/consumption by an alternative host, if there is any. Chlorella virus CVK-2 encodes a 
functional chitin synthase and chitin fibers were found to be expressed on the infected cells, just like 
hyaluronan (Kawasaki et al., 2002). It was proposed that chitin and hyaluronan both might play a similar 
function in Chlorella viruses. Chloroviruses also encode a number of transporter proteins, namely, 
aqualglyceroporin, calcium transporting ATPase and potassium ion channel protein (Van Etten & 
Dunigan, 2012). All these proteins were found to be functional by recombinant protein expression 
approach. It is important to mention that some of the chlorovirus proteins are the smallest or among the 
smallest in their family (Van Etten & Dunigan, 2012). Phylogenetic analyses have suggested that some of 
these proteins might be precursors of more complex cellular homologs. The small size of these proteins 
make them suitable for mechanistic and structural studies in the laboratory (Van Etten & Dunigan, 2012). 
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Phaeocystis globosa viruses (PgV) and Organic lake phycodnaviruses (OLPV) encode proteorhodopsins 
putatively acquired via HGT from proteorhodopsin encoding protists (Yutin & Koonin, 2012). Both these 
viruses infect photosynthetic protists, and based on amino acid conservation pattern it was hypothesized 
that viral proteorhodopsins might be involved in light-dependent signaling in infected hosts (Yutin & 
Koonin, 2012). Marseillevirus, an NCLDV infecting Acanthamoeba, contains three histone like protein 
coding genes. Interestingly, the histone like proteins were present in the viral particles and it was 
suggested that they might play a role in DNA condensation during packaging into the virions (Boyer et 
al., 2009). In CroV, a 38 kb genomic region was putatively acquired from bacteria, which is enriched in 
carbohydrate biosynthesis genes (Fischer et al., 2010). Among them were genes involved in 3-deoxy-D-
manno-octulosonate (KDO) biosynthesis. Presence of KDO biosynthesis and other genes involved in 
carbohydrate metabolism might point to a role for these genes in viral surface glycoprotein synthesis 
(Fischer et al., 2010). In line with this observation, Mimivirus was found to encode a gene involved in 
UDP-viosamine, a glycan that was demonstrated to be part of the external fibers lining the capsid along 
with rhamnose, glucose and N-acetylglucosamine (Piacente et al., 2012). Phylogenetic analysis indicated 
that the gene encoding viosamine was acquired from bacteria early in the evolution. Megavirus chilensis 
encode a functional Cu,Zn superoxide dismutase, an enzyme known to detoxify reactive oxygen species 
which might be released as part of host defense mechanism (Lartigue et al., 2015).Together, these 
findings indicate that the functional landscape of horizontally acquired genes might be highly diverse in 
giant viruses, a large number of which might be specific for virion structure or modulating the host 
environment. 
A distinct feature of some of the giant viruses is their own ‘mobilome’- a collection of mobile genetic 
elements (MGE) that further set them apart from ‘regular’ viruses. The genome of  Lentille virus, a 
Mimiviridae member infecting Acanthamobea, harbors Sputnik 2 – a virophage integrated in their 
genome (Desnues et al., 2012). Transpovirons – another kind of mobile genetic elements, are ~7.4 kb in 
size with 6 to 8 protein coding genes. Free form of transpovirons were found to be replicating in high 
copy numbers in the giant virus factory and were shown to have genomic features facilitating integration 
in the genome of the viral host, and even virophage (Desnues et al., 2012). In addition, 30 copies of 
miniature inverted-repeat transposable elements (MITEs),  presumably proliferated by transposition, were 
found to colonize the genome of Pandoravirus salinus, (Sun et al., 2015). 
While gene transfer from diverse sources endows the giant viruses with variety of functional capabilities, 
gene transfer events from the giant viruses to their potential hosts have also been documented. Genes 
having high phylogenetic affinity to giant virus homologues have been found in a number of sequenced 
eukaryotes. NCLDV core genes were detected in 8 protists and a metazoan (Hydra magnipapillata) 
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genome (Filée, 2014). In H. magnipapillata genome, a large 400 kb region is putatively of viral origin, 
being acquired from a Mimiviridae member according to phylogenetic analysis (Filee, 2014). No 
Mimiviridae member infecting a metazoan has been reported yet, however, it is possible that the 
integrated Mimiviridae member infects a protist associated with H. magnipapillata. Giant virus-like genes 
have been found in several other protists, including E. huxleyi (Read et al., 2013) and Chlorella (Blanc et 
al., 2010). Some plant genomes, e.g., Physcomitrella patens and Selaginella moellendorffii (Maumus et 
al., 2014) also harbor giant virus like genes. 
Virophages: The viral parasites of giant viruses 
One of the intriguing aspects of some giant viruses is their association with ‘virophage’. Virophages are 
small dsDNA viruses that depend on the NCLDV host for propagation. The first virophage of a NCLDV, 
Sputnik, was found to co-infect the amoebal host with Acanthamoeba polyphaga Mamavirus, a new strain 
of Mimivirus. It was shown that Sputnik multiplies within the virus factory – the cytoplasmic region 
dedicated to replication of Mimivirus (Claverie & Abergel, 2009), and can negatively affect the 
morphogenesis of the host NCLDV. Sputnik infection led to abortive forms and aberrant capsid assembly 
of the host virus (La Scola et al., 2008). A number of other virophages were co-isolated with different 
strains of Mimiviruses, namely Sputnik-2, Sputnik-3 and Zamilon (Abrahão et al., 2014). Similarly, 
Mavirus is a virophage associated with Cafeteria roenbergensis virus (Fischer et al., 2010), while PgVV 
was found to be an integrated virophage in the genome of Phaeocystis globosa virus (PgV) (Santini et al., 
2013), a Mimivirus member infecting algae. So far, only members of the Mimiviridae family are found to 
have virophages associated with them. Virophage signatures have also been identified in metagenomics 
datasets from diverse aquatic environments including deep ocean to inland freshwater lakes, iced to 
hydrothermal lakes and human guts to animal associated habitats (Zhou et al., 2013). Such widespread 
distribution of virophages naturally raises questions regarding their roles in giant virus evolution and 
ecological dynamics. Organic Lake virophage (OLV), a putative virophage assembled from the 
metagenome of Organic Lake, Antarctica, was suggested to stimulate secondary production through the 
microbial loop by reducing the cellular host mortality and increasing the frequency of algal bloom during 
summer (Yau et al., 2011). In line with this observation, a mathematical modelling approach of 
independent infection and coinfection (with giant virus) of the cellular host by virophages suggested that 
presence of virophages might be beneficial to the host cellular organism. The model predicted reduced 
giant virus abundance and increased host abundance in the presence of virophages (Taylor et al., 2014). 
Recently, Fischer &  Hackl (2016) showed experimentally that Mavirus, the virophage associated with 
CroV, can integrate into the genome of the cellular host and can form infectious virions upon 
superinfection by CroV . The release of reactivated virophages appears to promote survival of host at the 
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population level, rather than at the infected cell level. Thus, the model based predictions and the latest 
experimental approach indicate that virophages might promote the survival of the cellular host 
populations, while having negative effect on the giant virus propagation. 
The ecology of giant viruses: distribution, diversity and dynamics 
As giant viruses can infect diverse hosts from protists to metazoans, it is not surprising that they have 
been isolated from a wide range of environments. Mimivirus was initially isolated from an amoeba co-
culture present in the water of a cooling tower in Paris (Raoult et al., 2004), while Megavirus chilensis, a 
Mimiviridae member infecting the same host was isolated from the coast of Chile (Arslan et al., 2011). 
Later, a number of viruses infecting Acanthamoeba were detected from environments including contact 
lens fluid, decorative fountains, soil, hospital water, river and lake water, hypersaline water/soil and insect 
larvae (Pagnier et al., 2013). Sequence signatures of giant viruses having similarity to Mimivirus and 
algae infecting Mimiviridae members were detected in the metagenomes generated from the saline soil of 
Kutch desert (India) (Kerepesi & Grolmusz, 2016). The isolation of Pithovirus sybericum and Mollivirus 
sybericum, from ~30,000 years old permafrost samples (Legendre et al., 2014, Legendre et al., 2015), 
indicated that some giant viruses can have remarkable persistence, even in extreme environments. This 
wide environmental distribution of Acanthamoeba infecting giant viruses reflects the ubiquity of their 
host organisms. We now have evidence that some amoeba infecting viruses might have a broader host 
range including humans. Giant viruses from both Mimi- and Marseilleviridae family were detected in 
respiratory and stool samples (Pagnier et al., 2013). Mimivirus was found to successfully infect and 
replicate in mice (Khan et al., 2007), human phagocytic cells and peripheral blood mononuclear cells in 
vitro (Ghigo et al., 2008). Algal virus DNA sequences homologous to Acanthocystis turfacea Chlorella 
virus (ATCV-1) were detected in oropharyngeal virome of human subjects participating in a study that 
included measures of cognitive functioning (Yolken et al., 2014). Interestingly, presence of ATCV-1 
DNA sequences showed a significant statistical correlation with decreased cognitive measurements. 
Supporting this observation, inoculation of ATCV-1 in healthy mice led to decrease in several cognitive 
domains and altered expression of genes in hippocampus (Yolken et al., 2014). 
As will be discussed later in this chapter, diverse giant viruses with both algal and non-algal hosts inhabit 
aquatic ecosystems, whose diversity and ecological dynamics have been elucidated using established lab 
cultures, targeted amplicon based and metagenomics approaches. While metagenomics and targeted 
amplicon based techniques provide valuable insights on the diversity and distribution of giant viruses in 
diverse environments, development of new approaches and modification of the existing ones seem to be 
necessary for gauging the true abundance, diversity and host range of giant viruses. A recent meta-
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analysis by Wilhelm et al. (2016) probed a number of metatranscriptomic libraries generated from several 
distinct ecological niches and revealed the existence of different giant viruses in these datasets (Figure 
1.1).  This approach has the potential to detect ‘active’ giant viruses that drive different ecological 
processes in various environmental contexts. 
In 1979, Mayer and Taylor isolated a virus infecting marine alga Micromonas pusilla. Ultrastructure 
studies indicated that this was a giant virus with icosahedral capsid of  > 100 nm diameter, although no 
molecular evidence was available at that time (Mayer & Taylor, 1979). In 1991, Cottrell &  Suttle (1991) 
re-isolated viruses of M. pusilla from diverse coastal and oligotrophic marine locations and characterized 
them based on restriction fragment length polymorphism (RFLP) analysis. Since then marine virus 
research intensified, with increasing number of articles appearing in the scientific databases (Short, 2012). 
Our knowledge of the diversity of marine giant viruses largely comes from targeted amplicon based and 
whole community metagenome based studies. It is important to mention that, so far, the only marine giant 
viruses infecting known heterotrophic organisms are several members of the Mimivirus lineage, 
Megavirus chilensis and Cafeteria roenbergensis virus (CroV). Thus most research on giant virus 
diversity are focused on viruses that infect photosynthetic algae. A major leap forward in the study of the 
giant algal virus diversity was the recognition of conserved regions in the B family DNA polymerase core 
genes of the algal viruses (Chen & Suttle, 1995) which were classified in the Phycodnaviridae family 
based on their host range. Degenerate primers (AVS1 and AVS2) were designed from the conserved 
regions and were used to amplify sequences from several Phycodnaviridae isolates and also from natural 
sea water community, indicating that this primer set could be a useful tool to study algal viruses in 
different environments. PCR-DGGE analysis of fragments generated using these primers recovered 
viruses with high sequence similarity (>98%) from distant locations (Antarctica and British Columbia), 
demonstrating that closely related giant algal viruses can occur at geographically distant locations (Short 
& Suttle, 2002). A long term study using these primers on a single coastal site demonstrated that although 
algal virus diversity changes coincided with tide height, salinity or chl a concentration, it was not always 
coupled with the changes in the eukaryotic community, indicating succession among non-host eukaryotes 
(Steven & Curtis, 2003). Interestingly, diversity study using these primer sets from subtropical coastal 
water of Hawai’i led to detection of inteins in a number of putative Phycodnaviridae members in the polB 






Figure 1.1: Maximum likelihood phylogenetic reconstruction of NCLDV major capsid protein sequences 
from environmental metatranscriptomic datasets generated from an alkaline soil sample (NCBI ID: 
SRP043976), the Amazon River and River Delta (SRP037995, SRP039544), the North Pacific Ocean 
(SRP052554), Station ALOHA in the tropical Pacific Ocean (CAM_SMPL_000824 at iMicrobe.us), and 
the North Sea (ERP004582). This tree demonstrates that active giant virus infections from diverse 





While AVS primers provided novel insights on the algal giant viruses in aquatic systems, studies have 
revealed that these primers can’t detect some of the Phycodnaviridae members like Heterosigma 
akashiow viruses and Emiliania huxleyi viruses and are biased towards amplifying Micromonas pusilla 
virus isolates (Short & Short, 2008, Clasen & Suttle, 2009), which might lead to skewed estimation of 
diversity and dynamics. Along with AVS primers targeting PolB, several other degenerate primers 
targeting polB or other conserved genes within the giant algal viruses have been developed and used to 
study the diversity of these viruses.  ‘mcp’ primers, designed from the Major capsid protein of the 
Phycodnaviridae members (Larsen et al., 2008) revealed that a number of amplicons from cultured and 
environmental samples were phylogenetically closer to the Mimiviridae members rather than other 
Phycodnaviridae members. In retrospective, this was an interesting discovery – as discussed earlier, a 
number of algal viruses actually belong to the Mimiviridae clade (Monier et al., 2008, Santini et al., 
2013). Neither AVS or ‘mcp’ primers can amplify sequences from Emiliania huxleyi viruses (EhV). A 
primer set specifically targeting the major capsid proteins of EhV (Schroeder et al., 2002) was used to 
assess their diversity across the North Atlantic, which greatly increased the known diversity and richness 
of EhVs (Rowe et al., 2011). 
Along with amplicon based targeted studies, a number of eye opening discoveries regarding the 
widespread diversity and phylogeny of giant viruses came from metagenomics. The first such study was 
carried out on the Global Ocean Sampling (GOS) dataset, revealing numerous ‘Mimivirus-like’ 
sequences. Phylogenetic analysis of these sequences suggested that a large proportion of these sequences 
probably originated from viruses infecting phytoplankton (Monier et al., 2008). A subsequent study on 
the same dataset used DNA polymerase as a marker and estimated Mimivirus and related algal virus like 
sequences to be the second most abundant to bacteriophages. (Monier et al., 2008). Interestingly, a survey 
of the Indian Ocean samples from the GOS expedition (Williamson et al., 2012) revealed that proportion 
of various giant virus families largely varied between the ‘viral fraction’ and ‘larger fraction’ of the 
samples with a number of families (including Mimiviridae) being more represented in the larger fraction. 
This indicated that filtration approach for virome generation can cause biased estimation of giant viruses. 
Another large scale marine metagenomics (TARA oceans transect) study found that both proposed 





 NCLDV genomes/ml in the photic zone (Hingamp et al., 2013). Together, these 
metagenomics studies placed marine NCLDVs in the spotlight - hinting to their roles in mortality of 
highly diverse eukaryotic phytoplanktons and global biogeochemical cycle. Recently, a virome library 
generated from coral Montastraea cavernosa was found to contain signatures of NCLDVs and ssRNA 
viruses (Correa et al., 2013).The recognition of algal viruses in the Mimiviridae family also fueled 
12 
 
research on assessing the diversity of ‘Mimivirus like’ algal viruses. A primer set designed from MutS8, a 
gene found in a number of cultured algal Mimivirus representatives, revealed novel group of algal 
Mimiviruses in the marine environment (Wilson et al., 2014).  
A number of giant viruses have also been found to be associated with algal blooms – rapid growth of a 
particular alga that might cover a large area of the ocean, sometimes with a harmful effect on the co-
occurring organisms and even human health (Anderson et al., 2011). Giant viruses associated with algal 
blooms include E. huxleyi viruses (EhV) (Wilson et al., 2002), Phaeocystis globosa virus (PgV) 
(Brussaard et al., 2004), Heterosigma akashiwo virus (HaV) (Nagasaki & Yamaguchi, 1997) and 
Aureococcus anophagefferens virus (AaV) (Gastrich et al., 2004). Emiliania huxleyi is the most abundant 
coccolithopore in the world’s oceans, and can cause massive blooms visible from outer space. Given their 
ecological role in fixing a large amount of atmospheric carbon and impact on the planetary radiation 
budget, role of viruses in E. huxleyi blooms have been extensively studied. In situ measurement of a 
coccolithopore bloom in the western English Channel showed that the high reflectance area of the bloom 
characteristic of bloom collapse had a higher concentration of large virus like particles (LVLP) compared 
to the low reflectance area  implying that viruses are likely the cause of the bloom demise (Wilson et al., 
2002). Two viruses showing lytic activity against E. huxleyi were also isolated from this bloom. 
Subsequent studies looked at the viral diversity and succession (Schroeder et al., 2003, Martínez et al., 
2007), revealing genetically rich and stable EhV communities over years. A recent study tracked the 
complete lifecycle (from exponential growth to rapid demise) of an E. huxleyi bloom in the North Atlantic 
using both in situ biological measurements and multisatellite data addressing key questions regarding 
bloom turnover quantification and factors involved in its demise (Lehahn et al., 2014).  An estimated 
24,000 tons of carbon was produced during the bloom, while high level of EhV activity (in situ 
concentration: 2.5 × 10
6
 VLPs/ml) was detected during the demise phase. This is a striking example of 
viral turnover of photosynthetically fixed carbon, which can fuel marine food webs, short-circuit carbon 
transfer to higher trophic levels and can promote carbon export in the deep sea (Wilhelm & Suttle, 1999) 
Indeed, a natural question emerges from this observation regarding how EhVs can spread across the 
bloom to induce mortality across such a massive geographical space. Studies have shown that  
zooplanktons, especially copepods, can act as transmission vectors for EhVs in the bloom (Frada et al., 
2014). It was found that the copepod under study (Calanus sp.) can ingest the virus infected cells and can 
release the viruse back into the water in the fecal pellets. Thus they can transmit the virues between 
microscale and mesoscale (>1 km) patches, thereby mediating infection of healthy cells (Frada et al., 
2014). It was also demonstrated that EhVs can travel potentially longer distances through aerosols 
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(Sharoni et al., 2015). The extensive body of research on the E. huxleyi blooms provides key information 
and set the stage for investigating the role of giant viruses in other eukaryotic algal bloom systems. 
Phaeocystis globosa can form dense blooms in the temperate coastal regions of North Sea with a cell 
number reaching upto 10
8 
cells/ml (Brussaard et al., 2004). In both mesocosm and field studies, PgV 
abundance was found to be closely linked to that of their host and were found to be 30 to 100 fold higher 
than host abundance during the bloom maxima, indicating that they are important players in the collapse 
of the blooms (Brussaard et al., 2005, Anne-Claire et al., 2006). Phaeocystis can dominate as both single 
cells and colonial forms (Brussaard et al., 2004). An ecosystem modelling study calibrated with 
mesocosm data found that fraction of infectious PgV increased over the course of the bloom – coinciding 
with the increase in single celled forms. This study also found prior to the initiation of the bloom, fraction 
of infectious PgV was very low (0.0005%), indicating that a large fraction of PgV standing stock lost 
infectivity as they persisted in the water column through autumn till spring (Ruardij et al., 2005).  
Brown tide blooms, caused by pelagophyte Aureococcus anophagefferens, are recurrent phenomenon 
along the east coast of USA (Gobler et al., 2005) and have recently been observed in the coastal regions 
of China (Zhang et al., 2012) and South Africa (Probyn et al., 2001). These blooms are of a significant 
economic and health concern and their causes and effects have been investigated for decades (Gobler et 
al., 2005). High abundance of Aureococcus (~1.0 X 10
5
 cells/mL) can lead to high mortality of bay 
scallops and blue mussels, which could be due to a toxin-like activity. The toxin-like component seems to 
be chemical in nature (Gainey and Shumway, 1991); however, this component hasn’t been identified or 
characterized. At the same time, brown tide blooms can destroy the eel grass habitats of the bivalves due 
to intense light attenuation (Gobler et al., 2005). Fluctuation in nutrient dynamics is  attributed to be the 
major driver of these blooms, anthropogenic activities likely playing a significant role (Gobler et al., 
2005). The genome of Aureococcus provided important insights on the genetic basis of its success over 
co-occurring phytoplankton during the brown tide blooms (Gobler et a.l, 2011). Aureococcus genome has 
more genes involved in organic carbon and nitrogen metabolism, providing an explanation for its success 
over other phytoplankton during elevated level of dissolved organic matter and reduced level of dissolved 
inorganic nitrogen (Gobler et al., 2011). Suggested roles for viruses in controlling or modulating the 
severity of these blooms goes back to 1988, when Sieburth et al. (1988) observed the ultrastructure of 
Aureococcus collected from a bloom in Narragansett Bay. A number of cells were full with icosahedral 
virus particles, indicating that along with grazing, viruses might be one of the contributing factors to the 
senescence of the bloom. The first observation of virus mediated lysis of Aureococcus in culture was 
made by Milligan &  Cosper (1994). They isolated a ‘phage-like’ virus, which was shown to lyse 




Figure 1.2: A number of ultrastructure analyses of Aureococcus and associated virus from different 
studies. Figure 2 (i) is adapted from Milligan &  Cosper (1994), which shows detection of a phage like 
particle suggested to be responsible for mortality in Aureococcus. Panel (A) - Free phage like particle 
(scale bar = 100 nm), panel (B) - phage like particle attached to an Aureococcus cell (scale bar = 200 nm). 
Figure 2(ii), adapted from Gastrich et al. (1998), shows virus capsids inside the host cells at advanced 
stages of infection cycle. Scale bar = 0.25 µM. Notice the difference in the size of the particle compared 
to the early study by Milligan and Cosper (1994) (Figure 2(i)). Figure 2(iii) shows similarly large virus 
like particles inside the cells directly isolated from a 2002 bloom in New Jersey (Gastrich et al., 
2002)(Gastrich et al 2004) (scale bars = 1 µM). Figure 2(iv): Scanning electron micrograph of 
Aureococcus cultures exposed to viral lysates 30 min post-infection. Notice the large virus attached to the 
cell. (upper left: scale bar, 200 nm; upper right: scale bar, 1 µM; lower left: scale bar, 1 µM; lower right: 
scale bar, 200 nm). VLP - virus like particle. 
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The follow up study on the ultrastructure of the Aureococcus cells upon virus infection revealed some 
interesting details about the structure of the virus (Gastrich et al., 1998). The capsid size of the newly 
formed virion particles seemed to be larger (~140-160 nm) compared to that of the ‘phage-like’ particle 
recorded previously (Figure 1.2). This is surprising, given that the cells were infected with viruses that 
were same as ones used in the 1998 study. A study by Gastrich et al. (2002) on the ultrastructure of virus 
infected cells directly from a bloom in New Jersey demonstrated similarly large icosahedral particles in 
the algal cells (Figure 1.2). This study also showed that as high as 37% of the algal cells can be infected 
during the late stage/peak of the bloom – indicating that viruses might be an important factor in the 
decline of the brown tide blooms (Probyn et al., 2001). This observation strongly suggested that the virus 
infecting Aureococcus might not be a phage at all, but a virus much larger than that. However, the 
molecular characteristics of this virus were largely unknown, apart from its size and icosahedral shape. 
Subsequently, a large virus was isolated from the bloom water, and the nature of its interaction with 
Aureococcus was characterized in terms of host range and influence of abiotic factors like light and 
temperature (Gobler et al., 2007). This particular virus exhibited strain specificity against Aureococcus, 
with several strains being resistant to its infection (Gobler et al., 2007).  Despite all the indications that a 
‘giant’ virus infects Aureocccus rather than a phage from the ultrastructure analysis, the definitive 
evidence of this virus being the pathogen of Aureococcus was still lacking. It is possible that the virus 
lysate contains multiple isolates with distinct morphologies, including phages infecting cooccuring 
bacteria, thereby confounding the results. To resolve this a study was undertaken (Rowe et al., 2008) that 
strictly followed Koch’s postulates to establish the cause of mortality in Aureococcus cells. They showed 
that the virus obtained from infection and lysis of Aureococcus has a giant icosahedral capsid and can 
attach to the Aureococcus cells (Figure 2). The virus was approximately 140 nm in diameter and was 
suggested to belong to ‘Phycodnaviridae’ clade of Nucleocytoplasmic Large DNA viruses (NCLDVs) 
based on its morphology and host. Together, the evidence suggest that the phage-like particle isolated by 
Milligan &  Cosper (1994) might have originated from the bacteria in the Aureococcus culture. 
An apparently common aspect of interaction of giant viruses with their hosts is the coexistence of 
different strains of hosts and viruses.  A number of giant viruses were found to have different host 
specificity at the strain level. A study of the genotypic diversity of E. huxleyi and their viruses found a 
genetically rich, yet stable community of E. huxleyi and EhV in the Norwegian fjord over two separate 
years (Martínez et al., 2007). Interestingly, the same two genotypes of EhV dominated the exponential 
and termination phase of both the blooms, even though initially at least four and six genotypes were 
coexisting during the 2003 and 2004 blooms, respectively. Host strain specificity was also reported for 
PgV, where some viral strains infected a broad range of host strains, while some were found to have a 
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more restricted host range (Brussaard et al., 2005). Coexistence of such a diversity of hosts and viruses 
indicates that giant virus infection can influence the host clonal composition and abundance. Heterosigma 
akashiwo is a raphidophyte which causes ecosystem devastating algal blooms in the coastal waters of 
both the Northern and Southern Hemisphere. A number of clones of a giant dsDNA virus (HaV) have 
been isolated which are known to lyse different strains of H. akashiow (Nagasaki & Yamaguchi, 1998). A 
strain of H. akashiwo virus (HaV01) was inoculated into natural seawater containing H. akashiwo to 
assess its potential as a bloom control agent; however, little or no inhibition of growth was observed 
(Nagasaki et al., 1999). This was attributed to the presence of both susceptible and resistant strains of H. 
akashiwo. Thus, from a practical point of view, intraspecies specificity of viruses might make them less 
attractive to control algal blooms. 
The emergence of resistant strains is a likely mechanism of ensuring survival of the host at the population 
level upon viral attack. However, defense mechanisms at the individual cell level might also exist. One 
such example is the elegant ‘Cheshire cat’ strategy adopted by E. huxleyi. The diploid calcified E. huxlei 
cells are susceptible to EhV infection, however, the non-calcified haploid stages are ‘invisible’ to the 
viruses. Interestingly, exposing the diploid cells to EhV induces the haploid phase (Frada et al., 2008). On 
the flipside of this coin, there are phaeoviruses, who can ‘sneak’ into the host genome during the gamete 
and/or spore formation (Stevens et al., 2014), thus maintaining a ‘provirus’ like lifestyle. In opposition to 
‘acute’ life strategy of majority of the giant algal viruses, phaeoviruses thus maintain a persistent 
existence within the host genome and have no noticeable negative impact on the host fitness. However, 
during the production of virus particles, the spore forming organs (zoidangium) of the host become 
markedy deformed (Stevens et al., 2014). Phaeoviruses are the only known giant viruses to maintain a 
parsistent lifestyle to date.  
Molecular aspects of giant virus – host interactions 
One of the pivotal points denoting the ecological importance of viruses is their sheer abundance in nature. 
They are considered the most abundant biological entity, with an estimated ~10
30
 viruses dominating the 
planet’s oceans (Suttle, 2007). While the sheer abundance of viruses leaves no doubt about their profound 
role in the global biogeochemical cycles, counting just virion particles can shift the focus away from the 
fact that free virus particles are an outcome of altered physiological profile of host cells, which eventually 
lead to production and assembly of viral components. The virocell concept was first introduced by 
Forterre (2011), which emphasized the fact that free virion particles are only one of the states that a virus 
may exist in, which is the extracellular infectious state. A virocell defines the autonomous state of 
vegetative replication of viruses inside the host cell, which is different from a ‘ribocell’ or a healthy cell 
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in terms of metabolic organization (Forterre, 2011). Thus, this concept inspires understanding the 
nanoscale underpinnings of a virocell, which can have biogeochemical implications at a large 
geographical scale. Indeed, the virocell is the melting pot for continuous host-virus evolutionary arms 
race and modulation of nutrient fluxes among microorganisms (Rosenwasser et al., 2016). Despite the 
possibility that the interaction between giant viruses with their highly complex eukaryotic hosts result in a 
formidably large number of cellular processes to be affected, not much is known in this regard. Using 
high throughput techniques like transcriptomics and/or metabolomics, a few ecologically relevant host-
virus systems have been studied to understand how viral infection can rewire the host metabolism during 
virus replication (Rosenwasser et al., 2016). Among these, the E. huxleyi –EhV system is perhaps most 
extensively researched, given the profound biogeochemical implications of this system as discussed 
earlier. By combined transcriptomics and metabolomics experiment, it was shown that virus infection 
lead to increased transcription of host genes involved in fatty acid synthesis that facilitated the virus 
assembly (Pagarete et al.,  2011, Rosenwasser et al., 2014, Rosenwasser et al., 2016). Interestingly, 
sphingolipid biosynthesis genes encoded in the EhV genome were upregulated, while the host 
counterparts were downregulated. This indicated a putative host antiviral mechanism, which was 
compensated by the ability of the virus to direct synthesis of sphingolipids by the genes that it acquired 
from the host through HGT (Rosenwasser et al., 2014). This is an example of how a particular host-virus 
pair coevolve, eventually shaping the ecological success of each other. Another notable aspect of E. 
huxleyi virocell is the remodeling of the antioxidant network during virus replication (Sheyn et al., 2016), 
which will be discussed in detail in Chapter II. In the early phase of PBCV-1 infection of Chlorella, a 
number of host pathways were up and downregulated, having implications in both host defense and virus 
strategy to subvert such defenses (Rowe et al., 2014). A number of studies have looked at the 
transcriptomic and metabolic rewiring of prokaryotic cells upon infection with phages. Phage infection of 
Sulfitobacter sp., a member of the Roseobacter lineage abundant in the marine system, led to increased 
metabolic activity in the cells compared to control, with 71% of the detected metabolites significantly 
elevated in the infected cells (Ankrah et al., 2014). A recent study (Doron et al., 2016) on a cyanophage 
having broad host range (Syn9 T4-like) infecting phylogenetically and ecologically distinct 
Synechococcus strains (WH7803, WH8102 and WH8109) showed that the virus adopts a similar temporal 
pattern of gene expression upon infecting these three strains. However, a large number of host response 
genes were clustered in the hypervariable genomic islands, indicating that these genomic islands might be 
central to host response and defense towards phage infection (Doron et al., 2016). Howard-Varona et al. 
(2016) looked at a host-virus relationship of similar nature, where a single virus strain (podovirus φ38:1) 
can infect 13 out of 21 Cellulophaga baltica strains, a bacteria abundant in human gut (Howard-Varona et 
al., 2016). Two of these host strains – NN016038 and no. 18, are nearly identical in terms of nucleotide 
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sequences (> 99.99%) of 93% of the genes. Yet, podovirus φ38:1 shows very different infection 
efficiency on these two strains, with high efficiency when infecting NN016038 (Howard-Varona et al., 
2016).  The alternative host (no. 18) showing markedly low infection efficiency actually overexpressed 
DNA degradation genes and underexpressed translation genes, which eventually delayed and reduced 
phage DNA production. (Howard-Varona et al., 2016). These studies reveal that even at strain level, host 
response varies markedly upon virus infection, giving insights into the mechanism of resistance and host-
virus evolutionary arms race manifested in the physiological processes. Such findings might have 
important implications in the giant virus- eukaryotic host systems and might inspire research addressing 





















Research presented in this dissertation addresses a number of broad ecological and evolutionary questions 
pertaining to giant viruses using harmful brown tide algae Aureococcus anophagefferens and the giant 
virus infecting it (AaV) as an ecologically relevant model system. The possible role of AaV in the demise 
of the brown tide blooms was examined in situ, while the molecular basis of their interaction was also 
elucidated.  With the insights obtained from this model system, we aimed to expand the knowledge on the 
evolutionary trajectories, ecological dynamics and molecular underpinnings of giant virus-host 
interactions. 
 
In Chapter II, we aim to understand the evolutionary trajectory and phylogenetic affiliation of AaV in the 
context of other giant viruses through the lens of genomics. There are several reasons behind this 
approach. Firstly, the genome of a biological entity contains valuable information regarding its functional 
potential in an ecological context and signatures of its evolutionary history. Secondly, the functional 
landscape of a cellular organism or virus emerges from the genes. For this reason, the genome is a 
powerful reference to study the downstream processes that follows the central dogma. Finally, the 
genomic information can also be used to design molecular tools to probe the diversity and distribution of 
a biological entity. For the model system under study, the host genome has already been sequenced, and 
obtaining the genome sequence of the viral partner is a critical step to the address the research questions 
in the subsequent chapters of this dissertation. 
 
In Chapter III, we studied the molecular basis of AaV- host interaction at gene transcription level 
throughout the course of infection. To achieve this we leveraged the available genome sequence data of 
both the host and the virus. As has been observed for other virocells, successful infection of the host by its 
virus is expected to produce an altered transcriptomic and metabolic response compared to an uninfected, 
healthy cell. One of our goals was to inspect the immediate response of the host upon virus infection, 
which might have implications in both host defense and viral subversion of such defenses. In addition, we 
were also interested in the dynamics of major cellular processes that might be modulated to facilitate virus 
production.  
 
In Chapter IV and V, we address questions regarding the ecology of viruses that infect microeukaryotes, 
with an emphasis on giant viruses. The first question we asked is “how is the diversity and dynamics of 
AaV and associated algae infecting giant viruses modulated during Brown tide blooms?”.   Answering 
this question is important to substantiate the possible role of AaV in the demise of the brown tide blooms. 
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The brown tide environment also provided a ‘model ecosystem’ to understand the ecological dynamics of 
giant algal viruses in the Mimiviridae group, which could further demonstrate their ecological relevance. 
We designed primers that specifically targeted the major capsid gene of algae infecting mimiviridae 
members (including AaV) to probe their dynamics throughout the peak and demise of a brown tide 
bloom. An important goal of this work was to provide new knowledge regarding the dynamics of this 
newly recognized phylogenetic group of viruses, which seem to be widely distributed in the world’s 
oceans. 
The seeming diversity and wide distribution of giant viruses in the world’s oceans opens a new research 
frontier in marine virus ecology. New toolsets have to be developed to track their spatiotemporal 
dynamics, phylogeography, potential hosts and role in marine biogeochemistry.  
In Chapter V, we explored metatranscriptomics as a potential tool to address pressing questions regarding 
marine viral dynamics – specifically the microeukaryote infecting viruses including the giants. Rather 
than capturing community DNA as is done with metagnomics, metatranscriptomics only captures RNA, 
but from both the cellular organisms and the actively infecting DNA viruses associated with this same 
community. In principle, this approach should also capture the sequences from RNA viruses – from both 
actively infecting and free virus particles. We analyzed time series metatranscriptomic datasets generated 
during the peak and demise of a brown tide bloom. We specifically asked the following questions, 
1. Can we detect the active infection of AaV in community gene expression data? 
 
2. Can we draw statistically meaningful correlations among eukaryotic viruses and their potential 
hosts using Aureococcus –AaV relationship as an in situ internal standard? 
We later extended this approach to another time course metatranscriptomics dataset from Narragansett 
Bay to tease apart the temporal dynamics of the active microeukaryote virus community and also 
explored the possibility to draw potential host-virus relationships. We found metatranscriptomics to be a 
promising tool to tease apart spatiotemporal patterns in microeukaryote virus dynamics and host-virus 
association. 
Together, this body of research provides key insights on the molecular processes underlying the giant 
algal virus – host interactions, gleans new knowledge regarding their ecosystem dynamics and tests 
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Aureococcus anophagefferens causes economically and ecologically destructive “brown tides” in the 
United States, China and South Africa.  Here we report the 370,920 bp genomic sequence of AaV, a virus 
capable of infecting and lysing A. anophagefferens. AaV is a member of the nucleocytoplasmic large 
DNA virus (NCLDV) group, harboring 377 putative coding sequences and 8 tRNAs. Despite being an 
algal virus, AaV shows no phylogenetic affinity to the Phycodnaviridae family, to which most algae-
infecting viruses belong.  Core gene phylogenies, shared gene content and genome-wide similarities 
suggest AaV is the smallest member of the emerging clade “Megaviridae”. The genomic architecture of 
AaV demonstrates that the ancestral virus had an even smaller genome, which expanded through gene 
duplication and assimilation of genes from diverse sources including the host itself – some of which 
probably modulate important host processes. AaV also harbors a number of genes exclusive to 






The presence of viruses with large genomes in marine systems has stimulated questions concerning the 
origin and phylogenetic histories of these unique particles.  Such viruses have been found to infect diverse 
hosts, including eukaryotic phytoplankton (Fitzgerald et al., 2007; Moreau et al., 2010; Santini et al., 
2013; Wilson et al., 2005),  non-photosynthetic protists like Acanthamoeba (includes Mimivirus (Raoult 
et al., 2004), Marseillevirus (Boyer et al., 2009) and most recently Pithovirus (Legendre et al., 2014)) and 
the zooplankton Cafeteria roenbergensis (Fischer et al., 2010). Genomic characterizations of these 
viruses have dramatically altered our perceptions of the breadth of functional potential for virus particles. 
Each of these viruses is characterized by a large genome size, spanning several hundred to thousands of 
kilobases, and an exceptionally diverse gene content that is atypical of most other viruses. Analyses of the 
genome architecture of these viral “leviathans” have revealed patterns of massive gene duplication 
(Suhre, 2005) and gene acquisition from diverse sources, including their putative hosts (Filee et al., 2008).  
With the discovery of large-genome viruses, established phylogenetic classifications of NCLDVs 
infecting unicellular eukaryotes NCLDVs have been challenged, with proposals to reclassify NCLDVs 
having the largest genomes in the 'Megaviridae' clade irrespective of their host range  (Santini et al., 
2013). Emerging information on the genomic sequence and architecture of these viruses has the potential 
to redefine our understanding of virus function and evolution, including kindling debate that these viruses 
may represent a new, fourth domain of life (Boyer et al., 2010; Williams et al., 2011). 
Aureococcus anophagefferens, a unicellular microalga, is a pelagophyte which causes recurrent 
brown tide blooms in the coastal and estuarine waters of the eastern United States, South Africa (Gobler 
and Sunda, 2012) and China (Zhang et al., 2012). The economic and ecological effects of brown tides are 
significant; blooms cause severe light attenuation in the coastal waters, resulting in destruction of sea 
grass beds (Gobler and Sunda, 2012), an important nursery for marine life. Brown tides are also toxic to 
bivalves and have contributed towards the collapse of multiple shellfisheries (Gobler and Sunda, 2012). 
Early transmission electron micrographs of A. anophagefferens alluded to the importance of viruses in the 
ecology of this organism, as they revealed virus-like particles in natural populations (Sieburth et al., 
1988). Subsequent studies demonstrated that viruses likely played an important role in the modulation of 
bloom events: Gastrich et al (Gastrich et al., 2004) found that up to 37.5% of the population of A. 
anophagefferens may be visibly infected during bloom peak (Gastrich et al., 2004), suggesting this virus 
may be present at total abundances as high as ~10
20
 particles in Great South Bay (NY).   
Initial attempts at isolation of A. anophagefferens-specific viruses reported that phage-like tailed 
particles were present as lytic agents of cells in cultures (Garry et al., 1998; Milligan and Cosper, 1994). 
However, subsequent research identified and isolated a large, icosahedral virus with a diameter of ~140 
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nm that was morphologically consistent with the earlier observations from blooms of A. anophagefferens 
(Gastrich et al., 2002; Rowe et al., 2008) . Several aspects of viral infection dynamics of A. 
anophagefferens have already been investigated (Gastrich et al., 2004; Gobler et al., 2007), but a crucial 
step in understanding the molecular mechanisms of host-virus interactions and indeed the ecology of giant 
viruses is to decipher genomic information. The 56 Mbp genome of host, A. anophagefferens, has 
recently been described (Gobler et al., 2011). We now report the complete genome sequence of the 
Aureococcus anophagefferens virus (AaV) which we assembled from combined Illumina™ and 454™ 
pyrosequencing data. We provide a comprehensive analysis of the gene content, genome architecture and 
phylogenetic position of AaV.  
Materials and Methods 
AaV production and purification 
The original AaV virus was isolated in 2002 and has been maintained in culture since (see Rowe 
et al. 2008 for a description of the morphology and infectious potential of the particle). AaV was added at 
a ratio of 8-12 viruses/cell to a 650 mL culture of Aureococcus anophagefferens CCMP1984 at 18°C, 
14:10 light/dark cycle. The culture was monitored for virus and cell numbers. During lysis and at each 
step of purification, 40µL of lysate was fixed with glutaraldehyde (0.5% final) for 15 min at 4°C, then 
stored at -80°C  until staining and counting. Lysate was filtered through GF/F filters (Whatman) to 
remove debris and the majority of bacteria. Viral enrichment was performed using precipitation with 
PEG8000 (Lawrence and Steward, 2010). PEG8000 was added to filtered lysate (8 g per 100 mL of 
lysate) and completely dissolved by gentle mixing. The PEG/lysate solution was left overnight at 4°C, 
followed by centrifugation for 35 min at 4°C, 10,000xg. Supernatants were carefully decanted, leaving 3-
4 mL of supernatant in each bottle, residual liquid used to thoroughly rinse the bottles and the contents 
pooled. Approximately 10 mL of this concentrated virus solution was further concentrated to a volume of 
1.5mL using a 30kDa cutoff Centricon filter (Millipore). Viruses were purified on an Optiprep
TM
 
(Iodixanol) step gradient. Four steps, 25%, 30%, 35% and 40% were prepared by diluting the 60% 
Optiprep stock with MilliQ H2O.  From each concentration, 2.63 mL was bottom loaded in a 12 mL 
ultracentrifuge tube, the lightest added first and the heaviest last (Lawrence and Steward, 2010). The 1.5 
mL sample was then loaded on the top of the gradient. An identical gradient was prepared as a balance. 
The gradient was centrifuged in an SW41 rotor (Beckman Coulter) for 14 hours and 45 minutes at 39,000 
rpm. Starting from the top of the gradient and working down, 14 fractions of 0.6-1.0 mL were collected. 
The density of each fraction was determined. A 5 µl sample of each fraction was diluted into 995 µl 0.22 
µm filtered media. Each diluted sample (40 µl ) was fixed with 0.8 µl glutaraldehyde for 15 minutes and 
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viruses were enumerated by flow cytometry after staining with SYBR gold (Brussaard, 2004). Bacterial 
concentrations were determined simultaneously with virus counts.  Fractions with the highest 
concentrations of virus and lowest concentrations of bacteria were pooled for extraction of the viral 
genomic DNA. 
AaV DNA extraction 
The extraction protocol closely followed that for the Emiliania huxleyi virus (Schroeder et al., 
2002). Briefly, the sample was treated with 5mg/mL proteinase K in a lysis buffer consisting of 20 mM 
EDTA (pH 8.0) and 0.5% SDS at 65°C, heated for approximately 1 hour to break up the capsid. Ten 
percent of the sample volume of phenol was then added and the DNA was extracted with chloroform: 
isoamyl alcohol (CIA). Additional chloroform: isoamyl alcohol (24:1) and precipitation steps were 
inserted to reduce spectral interference from iodixanol, allowing DNA quantification by a NanoDrop™ 
1000 (Thermo Scientific). 
Genome assembly 
The AaV genome was sequenced at an extremely high depth using Illumina
TM
 technology and 
was further complemented by 454
TM
 sequencing. 128,117,014 Illumina
TM
 paired-end   reads of 100 bp 
length and 115,372   454
TM
 single reads (avg. length of 272bp) were used for assembling the genome of 




 specific adapters and trimming these reads based on 
quality scores (limit 0.04),  a hybrid de novo assembly was performed on these reads in CLC Genomics 
Workbench 5.0 (www.clcbio.com) (paired distance range 120-400, K-mer size 64) resulting in 185,000 
contigs with a 200 bp contig size cut-off. However, when a 2,000bp size cut-off was imposed, number of 
contigs was reduced to 136. The largest contig obtained was 121.7 Kbp in length.  Preliminary homology 
search of this 2,000bp subset against a local NCBI nr database (Benson et al., 2005) using BLASTX 
algorithm (Gish and States, 1993) revealed that several of these contigs originated from host genome, 
mitochondria and chloroplast sequences, indicating contamination from these sources during DNA 
extraction step and were not studied further. To identify the contigs of viral origin, we performed tblastx 
analysis (E-value < 1e
-
5) of these contigs against all the NCLDV virus genomes available as of November 
21, 2012. Seven large contigs (A: 121,756 bp , B: 70,494 bp, C: 59,347 bp, D: 32,251 bp, E: 31,234 bp, F: 
28,705 bp and G: 25,370 bp) were found to be putatively of viral origin based on the observation that they 
had highest sequence similarity to large dsDNA viruses with best hits to different sequenced NCLDVs. 
Sequence statistics analysis revealed that six of these seven putative contigs had very similar GC content 
ranging from 27.7% (contig ‘D’) to 29.4% (contig ‘F’). Among all the 136 contigs analyzed, these were 
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the only ones having GC contents below 30% whereas  contig ‘G’ had a slightly higher GC content of 
31.4%.  
Assuming that gaps between these contigs of viral origin resulted from repetitive sequences, we 
performed an all-vs-all nucleotide BLAST of these seven contigs in search of shared sequence similarities 
at the ends. This analysis revealed that contig pair (G,F); (F,A); (A,C); (C,D); (D,E); (E,B); (E,C) and 
(B,F) indeed shared sequence similarity at their ends. We hypothesized that these contig pairs represent 
contiguous sequences, and designed forward and reverse primers for the corresponding pairs. The PCR 
products spanning the gaps were purified and cloned using TOPO® TA cloning® kit in One Shot® 
TOPO10 chemically competent E. coli cells (Invitrogen™, CA)  and sequenced using Sanger method. 
When the gaps were large, a second round of primers were designed from the ends of the sequences 
obtained from first round of reactions. The generated sequences were used to close the gaps between 
these contigs to obtain a continuous sequence of 370,920bp, which represents the genome of AaV. 
Contig ‘G’ (25,370bp) represents the 5` terminal region of the genome, which consists of 20 
DUF285 domain-containing CDSs in tandem (interspersed by three other CDSs). This contig also has a 
slightly higher GC% (31.4%) compared to the other viral contigs. As discussed in the main text, this 
region is also highly repetitious. To verify that contig ‘G’ was not an artifact of misassembled reads, we 
designed seven different sets of primers spanning seven non-overlapping regions of Contig ‘G’. Upon 
PCR amplification, each of these primer pairs generated amplicons of the expected size, which confirmed 
that Contig ‘G’ is not a product of misassembled reads due to its highly repetitious nature, but an 
authentic part of the AaV genome. As part of our ongoing genome analysis, several other genes 
(including the DNA polymerase, major capsid, putative ion channel and mechanosensitive channel) have 
already been verified by cloning and Sanger sequencing. 
The genome sequence data of AaV has been deposited in the GenBank database (accession no. 
KJ645900).  
Genome Annotation 
Putative coding sequences (CDS) were predicted using Prodigal web server (Hyatt et al., 2010). 
We defined a CDS having a minimum length of 50 consecutive codons bordered by a start and a stop 
codon. Homologous genes for the determined CDSs were detected by carrying out BLASTp analysis 
(Altschul et al., 1997) of the CDSs against the NCBI non-redundant protein database (nr) (Benson et al., 
2005) with an E-value cutoff of 1e-05
 
to avoid false positive matches. Protein domains were detected 
using NCBI Conserved Domain Database (CDD) (Marchler-Bauer et al., 2013), pfam (Punta et al., 2012) 
39 
 
and Interpro (Quevillon et al., 2005) servers. Functional annotation resulted from integrating BLASTp 
results with the results obtained from these databases. tRNAs were predicted in the tRNAscanSE 
(Schattner et al., 2005) server using the general tRNA model.  
Phylogenetic analysis 
Putative homologs of the query proteins were identified by separate BLASTp (Altschul et al., 
1997) searches against the viruses, eukaryotes, bacteria and other taxonomic subgroups defined in the 
GenBank nr database (Benson et al., 2005). For each of the query proteins, a representative set of 
homologues were selected. When available, homologs from the host algae were included in the 
phylogenetic reconstructions. Multiple sequence alignments were performed in MEGA 5.0 software 
(Tamura et al., 2011) using MUSCLE algorithm (Edgar, 2004) followed by manual refinement. 
Evolutionary models having the highest likelihood for each set of alignments were determined using 
Prottest 3.2.1 (Darriba et al., 2011).  Maximum Likelihood phylogenetic reconstruction was performed for 
each set of alignments in TREEFINDER (Jobb et al., 2004). The Expected-Likelihood Weights (ELW) of 
1,000 local rearrangements were used as confidence values for the nodes. 
A number of CDSs had no homologs outside a particular domain of life or outside NCLDVs 
(NCLDV specific hypothetical CDSs). Phylogenetic origins of these CDSs were assigned directly to the 
respective domains of life they had best match to (E-value < 1e-05). 
Other analyses 
BLASTn comparison of the whole genomes was performed and illustrated using Blast Ring 
Image Generator (BRIG) (Alikhan et al., 2011) with an E-value cutoff of 1e-05. For Nucleocytoplasmic 
Virus Orthologous Group (NCVOG) analysis, a BLASTp (Altschul et al., 1997) search of AaV CDSs was 
carried out against a database containing all NCLDV proteins belonging to different NCVOG categories 
as constructed by Yutin et al (Yutin et al., 2009). (Downloaded from 
ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/NCVOG). Hits with E-values lower than 1e-05 were assigned to 
their representative NCVOGs. Conserved motifs upstream of the PARCELs were analyzed using the 
MEME suite (Bailey and Elkan, 1994). Whole genome dot plot was constructed in YASS (Yet Another 






Results and Discussion 
General genome features 
Aureococcus anophagefferens Virus (AaV) has a linear double-stranded DNA genome with a size 
of 370,920 bp (Appendix Fig. 2.5).  Applying a conservative annotation process, we identified 377 
putative coding sequences in the genome of AaV, with a coding density of 88.3%. Such a high coding 
density is typical of large dsDNA viruses. The genome is A+T rich with a G+C content of 28.7%, in stark 
contrast to the host, which has a very high G+C content (69.5%) (Gobler et al., 2011). AT richness of the 
genome is also reflected in the codon usage of AaV; ~25% of the codons contain only A or T, whereas 
~41% of the codons contain at least two A or T (excluding the stop codons). Putative coding sequence 
(CDS) length ranges from 52 to 2076 (with an average of ~290) amino acids.  
Among the putative coding regions, 53% (200 of the 377) have significant (E-value < 1e-05) sequence 
similarity to proteins in the NCBI nr database, with 67 best matches to nucleocytoplasmic large DNA 
viruses (NCLDVs), 56 with eukaryotes, 72 with bacteria/bacteriophage and 5 best matches to archaea 
(Fig. 2.1a). Twenty eight of the CDSs having best match to NCLDVs have no homologs in the three 
domains of life (NCLDV specific hypothetical CDSs). Six AaV CDSs were most similar to sequences 
from the host (in terms of best Blastp hit) Aureococcus anophagefferens, indicating the possibility of 
horizontal gene transfer (HGT) between the host and the virus (Appendix Table 2.2). Among the 177 
CDSs having no matches in the NCBI nr database, 34 had significant hits to NCBI environmental 
database (env_nr). Eighty seven (23%) of the AaV CDSs could be assigned within the Cluster of 
Orthologous Group categories (COG) (Appendix Fig. 2.5, Appendix Fig. 2.3), providing insight into their 
potential function. 
A gene complement typical of NCLDVs 
AaV harbors 9 of the 10 genes that are present in most members of all the NCLDV lineages 
defined by Yutin et al (Yutin et al., 2009) (Appendix Table 2.1), suggesting that AaV belongs to this 
group. Most NCLDVs characterized to date harbor genes involved in the basic biochemistry of “living” 
(i.e., cellular) organisms: replication, transcription and translation.  At least 18 genes within AaV can be 
categorized in the NCVOG category ‘Transcription and RNA processing’ (Appendix Fig. 2.5, Appendix 
Fig. 2.6).  AaV has two copies of RNA polymerase II large subunit (Rpb1) (AaV_242, AaV_320), 
possibly as a result of paralogous expansion (Appendix Table 2.3), and two non-paralogous copies of 
RNA polymerase II small subunits (Rpb2) (AaV_222, AaV_370). Such a phenomenon has also been 




Figure 2.1: Best BLASTp hits of AaV proteome against a) NCLDVs and three domains of life. b) 
Different NCLDV viruses. IrV- Iridoviridae, PpV- Phaeocystis pouchetii virus, PoV- Pyramimonas 
orientalis virus, PgV16T- Phaeocystis globosa virus 16T, PgV 14T- P. globosa virus 14T, PgV 12T- P. 
globosa virus 12T, ChV- Chlorella viruses, MnV- Micromonas viruses, OtV- Ostreococcus tauri viruses, 
BV- Bathycoccus sp. virus, EhV- Emiliania huxleyi viruses, OLPV-Organic Lake Phycodnaviruses, 
Mimi-Mimiviridae, LauV- Lausannevirus. Hits to the Megaviridae clade are presented as shades of red 














2013), which shows gene duplication of Rpb2 subunits. AaV also harbors six other eukaryotic RNA 
polymerase subunits. Proteins involved in transcription initiation and elongation, namely Transcription 
initiation factor TFIIB (AaV_203), TATA-box binding protein (AaV_117) and a transcription elongation 
factor TFIIS (AaV_381), are present in the AaV genome. The acetylation state of histones in the 
chromatin is an important regulator of transcription in eukaryotic organisms (Marmorstein and Roth, 
2001).  ELP3-histone acetyl transferase genes are present in the Cafeteria roenbergensis virus (Fischer et 
al., 2010) and the Phaeocystis globosa virus genome. AaV also harbors this gene (AaV_368), and 
phylogenetic analysis suggests a eukaryotic origin for this gene (Appendix Fig. 2.7a). The maintenance of 
this gene in viruses infecting hosts with diverse lifestyles indicate that it was possibly present in the 
common ancestor of these viruses and may have an important function in modulating the transcriptional 
state of the host or virus maturation. 
Although members of the NCLDV family are mostly independent of the host for replication and 
transcription, they typically depend on host protein synthesis machinery (Koonin and Yutin, 2010). 
However, genes coding for tRNAs and proteins involved in translation have been found in large viruses 
(Raoult et al., 2004; Wilson et al., 2005). Consistent with this, we identified eight tRNA genes in AaV 
(Appendix Table 2.4). Among these, five are present as a cluster starting at position 322,252 bp. 
Elongation factor 5A (AaV_110) and eIF 1α (AaV_118), genes involved in translation elongation and 
initiation, respectively, also occur in AaV. Translation elongation factor 5A is unique to AaV among large 
viruses (Appendix Fig. 2.7b). 
While elevated photosynthetically active radiation has been shown to accelerate the virus-
mediated lysis of the host (Gobler et al., 2007), higher intensity UV radiation can introduce DNA damage, 
including pyrimidine dimers (Weinbauer et al., 1997).  Photolyase genes have been found in a number of 
large viruses (e.g., Fischer et al., 2010) and their role in repairing pyrimidine dimers in a NCLDV has 
been demonstrated (Srinivasan et al., 2001). A class II photolyase (AaV_082) in AaV likely plays a 
similar role. A lambda-type exonuclease (AaV_159), a Holliday junction resolvase (AaV_201) and a 
dUTPase gene (AaV_318) are all present in AaV and relevant given the high A+T content in its genome.  
A MutS7 gene, putatively involved in mismatch repair, has been found in all members of the Mimiviridae 
family (Ogata et al., 2011), and is also present in AaV. The MutT gene (nudix hydrolase) is involved in 
preventing the mis-incorporation of dGMP and thus transversion mutations (Akiyama et al., 1989) and 
there are two copies in the AaV genome (AaV_234, AaV_173). 
Enzymes involved in ubiquitination are found in all NCLDV lineages . AaV encodes five E3 
ubiquitin ligases, one E2 ubiquitin ligase, one POZ domain protein (part of the SCF-E3 complex) and also 
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a Ulp1 family thiol protease, a deubiquitination protein.This arsenal of proteins likely contributes toward 
its ability to overcome the host’s defense against viral infection by interfering with Ub signaling (Iyer et 
al., 2006). 
Unique CDSs derived from the host and other sources 
It has been established that host-derived genes in cyanophage and large DNA viruses play key roles in 
resource acquisition by infected hosts and facilitate viral synthesis and host lysis (Hill, 2006; Monier et 
al., 2009; Wilson et al., 2005). For a number of AaV CDSs, no homologs could be identified in other 
NCLDVs (Appendix Table 2.5). While Blastp identified only six genes with best matches to host 
proteins, our phylogenetic reconstructions imply that at least 13 genes were possibly acquired from the 
host. (Appendix Table 2.5, Appendix Fig. 2.7). Among these, glucuronyl hydrolase (AaV_078) 
(Appendix Fig. 2.7c) and pectate lyases (AaV_003, 375, 038) (Appendix Fig. 2.7d) are both present in the 
host alga (Gobler et al., 2011). Brown tides are associated with severe light attenuation, which minimizes 
light available for photosynthesis (Gobler et al., 2011; Gobler and Sunda, 2012). As such, glucuronyl 
hydrolase and pectate lyase genes in AaV may permit A. anophagefferens to derive energy from abundant 
sources of organic carbon during blooms, enhancing the ability of the infected cell to generate energy 
when light levels are reduced and as the chloroplast is degraded in the late stages of infection (Gastrich et 
al., 1998).  Another putative host-derived gene is an intramembrane rhomboid family serine protease 
(AaV_077) (Appendix Fig. 2.7e). Given that A. anophagefferens can use complex sources of organic 
nitrogen, this protease may enhance the ability of infected A. anophagefferens to access nitrogen (Gobler 
et al., 2011; Gobler and Sunda, 2012). Collectively, the presence of genes associated with the degradation 
of organic compounds by A. anophagefferens in AaV suggests they were obtained from the host and 
retained due to enhanced fitness they provide.  
AaV harbors a calpain family thiol protease (AaV_045) not reported in any other NCLDVs. 
(Appendix Fig. 2.7f). Calpains have diverse functions, including cell cycle regulation and caspase-
independent apoptosis (Nemova et al., 2010).  Modulation of host cell apoptosis by NCLDVs, especially 
among the Phycodnaviridae (reviewed in Bidle and Vardi, 2011), is an emerging feature of host-virus 
interactions and appears to be a shared trait amongst diverse algal viruses (Bidle and Vardi, 2011). 
Studies have demonstrated a pivotal role for viral induction of the host programmed cell death machinery 
in the propagation of Emiliania huxleyi viruses (EhV) (Bidle et al., 2007; Vardi et al., 2009), with this 
trait being conserved among a mixed population of both host and EhV genotypes (Vardi et al., 2012). In 
other systems  (e.g., Hepatitis C) activation of calpains have been shown to inhibit the host’s extrinsic 
apoptotic signaling pathway, which is necessary for successful infection. (Simonin et al., 2009). 
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Consequently, the possession of such a protease in the AaV genome might allow for avoidance of the 
host’s virus exclusion strategy.  
Among NCLDVs, ion channel proteins have only been reported in the Phycodnaviridae. 
Potassium channel proteins in Chlorella viruses (Thiel et al., 2011) are well-studied and critical in the 
infection process (Greiner et al., 2009, Neupartl et al., 2007).  We located a putative potassium ion 
channel protein (AaV_153) with a length of 157aa as well as a putative small conductance 
mechanosensitive ion channel protein (AaV_043). Small conductance mechanosensitive channels are 
implicated in counteracting the osmotic pressure inside the cells (Wilson et al., 2013). The presence of 
two ion channel proteins, which operate under two distinct stimuli (ionic and mechanical) in AaV raise 
the possibility that they might have important (and different) roles during different stages of infection. 
AaV has two prenyl transferases, commonly involved in lipid metabolism. One of these, 
undecaprenyl pyrophosphate synthase, was putatively derived from the host (AaV_255) (Appendix Fig. 
2.7g).  The second protein, UbiA prenyltransferase (AaV_373) (Appendix Fig. 2.7h), is a key enzyme in 
the biosynthesis of Ubiquinone (Szkopinska, 2000), a critical molecule in the respiratory electron 
transport chain. The presence of UbiA along with an AIM24 domain protein (AaV_144) (Appendix Fig. 
2.7i), that has a role in mitochondrial biogenesis (Hess et al., 2009), imparts the potential for AaV to 
further modulate the host's energy generating processes.  
Carbohydrates can mediate interactions in diverse virus-host systems. The genome of AaV 
harbors a carbohydrate sulfotransferase (AaV_102) (Appendix Fig. 2.7j), a gene involved in producing 
sulfated carbohydrates. Heparan sulfate, a sulfated carbohydrate, is known to be a surface receptor for a 
number of viruses including Vaccinia and Herpes Simplex (Zhu et al., 2011).  In the case of Emiliania 
huxleyi, EhV-86 encodes C-type lectin-containing protein that associates with purified lipid rafts from 2 
hours post-infected host cells, arguing that EhV infection occurs at the interface between virus proteins 
and host lipid-raft sugar-lipid moieties (Rose et al., 2014). No studies have been conducted on the 
molecular mechanisms of AaV-host interactions yet, so whether sulfated carbohydrates have any role in 
such interaction remains an open question. The  Aureococcus genome is highly enriched in sulfatase 
genes that encode proteins that degrade sulfonated polysaccharides (29) which may assist in discouraging 
the attachment of AaV to its cell surface.  
Finally, AaV encodes phaeophorbide a oxygenase (PaoA; AaV_372) (Appendix Fig. 2.7k), 
which is a key enzyme in chlorophyll catabolism (Pruzinska et al., 2003). PaoA was also present in 
Organic Lake Phycodnavirus 2 (Yau et al., 2011), a virus assembled using metagenomic data from a 
hypersaline lake in Antarctica.  Occurrence of this gene in two viruses from distinct geographic locations 
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suggests that it was probably present in the common ancestor and might play role in modulating the host 
cellular processes. However, the possibility of independent acquisition of the gene through HGT cannot 
be discounted, either. 
 Putative role(s) for repetitive DNA elements in AaV 
Repetitive DNA elements occur frequently in large DNA virus genomes. For example, Cafeteria 
roenbergensis virus (CroV) and Mimivirus have FNIP repeats (Pfam: PF05725) (Fischer et al., 2010; 
Raoult et al., 2004) while three distinct families of repeats with no homology within available databases 
were reported in EhV-86 (Allen et al., 2006). Approximately 11.3% of the genome of AaV is comprised 
of a lysine-enriched domain of unknown function (DUF285, Pfam: 03382), which is distantly related to 
leucine rich repeats. DUF285 domain regions are sequestered in putative coding sequences, resulting in a 
large paralogous family of 50 ORFs (Appendix Table 2.3, Appendix. Fig. 2.5), which is 13.25% of the 
total gene content. These CDSs range from 101 amino acids to 708 amino acids in length and all of them 
contain ≥ 1 copy of either partial or complete DUF285 domain defined in the Pfam database. 
Phylogenetic analysis reveals that this sequence probably originated in a bacterium (Appendix Fig. 2.7l). 
Repeats characterized by DUF285 domains occur sporadically in unicellular microbes, especially in the 
obligate endosymbiotic  class Mollicutes, and also in unicellular photosynthetic eukaryotes (Roske et al., 
2010). ORFs containing these domains were termed PARCELs (Palindromic Amphipathic Repeat Coding 
Elements), characterized by repeating elements displaying dyad symmetry and variable hydrophilic and 
conserved hydrophobic regions (Roske et al., 2010). These ORFs are also found as part of some bacterial 
mobile elements and plasmids. It has been suggested that PARCELs have spread in diverse bacterial and 
eukaryotic lineages through HGT and intra-genomic shuffling (Roske et al., 2010). The sequence 
characteristics of PARCELs endow them with potential roles in gene expansion and recombination 
(Roske et al., 2010). 
Twenty of these PARCELs are present as tandem repeats at the 5‘extremity of AaV genome 
(genome location A: 1,908 bp – 22,906bp, interrupted by three other CDSs), while another cluster of 9 
genes are present near the other end of the genome (genome location B: 330,172bp – 339,020bp) (Fig. 
2.2). Both clusters are on the positive strand while the rest of the PARCELs are evenly distributed on the 
negative strand (Appendix Fig. 2.8). Additionally, two distinct conserved domains (which we denote as 
Motif_A and Motif_B) have been found to be consistently present at the upstream regions of the positive 
and the negative strand PARCELs, respectively (Appendix Fig. 2.9). In the genome of host A. 
anophagefferens we have identified occurrences of the DUF285 motif at 90 distinct loci distributed across 




Figure 2.2: Locations of the genes based on possible phylogenetic origins.  To demonstrate the biased 
distribution of genes derived from different sources, the genome was divided into three equal sections to 
represent the central core and two terminal regions. Each of the sections are 123.6 Kbp in length. The 
location of the paralogous genes are shown using the numbers that represent each of the paralog groups 
(Appendix Table 2.4). Genes with putative origin in host (red), other eukaryotes (orange), bacteria 
(green), archaea (teal) are shown. Genes for which the origin could not be inferred are depicted in gray 
(ambiguous origin). Locations of genes unique to AaV are marked with dark red triangles whereas 
universal NCLDV core genes are denoted by circles. The pie chart inside the genome map represents the 
three equal sections of the genome. Number of genes of different origins (Host, Other Eukaryotes, 
NCLDVs, Bacteria, Archaea and Ambiguous origin) located in each of the regions are presented inside 
the respective sections of the pie chart. For example, the central region harbors 32 of the 49 genes 
putatively derived from an NCLDV ancestor.* Genes ‘unique to AaV’ refer to the genes that are only 
found in AaV, to date, among the NCLDVs. 
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phylogenetic analysis suggests the possible origin of host PARCELs in bacteria (Appendix Fig. 2.7l), the 
most parsimonious scenario is the mobilization of this sequence to AaV from the host (upon uptake from 
bacteria) and its subsequent intra-genomic duplication. Alternatively, it is possible that this sequence is in 
flux between the host and the virus, playing a role in host-virus coevolution. Lineage-specific gene 
expansion contributed to the genome growth of other NCLDVs substantially (Iyer et al., 2006), and a 
similar mechanism is probably in effect in the genome of AaV. Duplicated genes can also go through neo-
functionalization, a process where the daughter copy assumes a new function distinct from the mother 
gene (Liu et al., 2011). In accordance with this mechanism, we have found one of the PARCELs 
(AaV_220) containing a U-box domain fused to it, which probably functions as an E3 ubiquitin ligase 
(Ohi et al., 2003). The presence of conserved motifs at the upstream of the PARCELs and their 
orientation in antiparallel directions (Appendix Fig. 2.9) inside the genome suggests that they are subject 
to intra-genomic mobilization.  PARCELs at the extremities of the genome (AaV_001 & AaV_382) are 
present as inverted repeats (Appendix Fig. 2.8), which potentially mediate circularization of AaV genome 
as has been found in Mimivirus and some other NCLDVs (Raoult et al., 2004). 
 
The phylogenetic position and evolutionary history of AaV 
DNA polymerase gene-based phylogeny clustered AaV in the Mimiviridae family (Fig. 2.3). The only 
other algal virus that clusters in Mimiviridae family is P. globosa 16T.  Two viruses from metagenomes 
generated in a hypersaline Antarctic lake (Organic Lake Phycodnavirus 1 and 2) (Yau et al., 2011), 
having no known hosts, also cluster in the Mimiviridae.  Based on common marker genes and large 
genome sizes, it has been hypothesized that these viruses have a common ancestor, and a new group 
called ‘Megaviridae’ has been proposed that further extends the Mimiviridae family and is independent of 
hosts (Santini et al., 2013).  Sixty-seven AaV proteins have their highest sequence similarity to large 
DNA viruses, among which, 65% are to Megaviridae family (Fig. 2.1b). Recruitment of whole genomes 
of NCLDVs to AaV demonstrate more coverage from the Megaviridae members relative to other NCLDV 
viruses (Fig. 2.4), supporting our suggestion that AaV is more similar to Megaviridae than to 
phycodnaviruses. Yutin et al. (Yutin et al., 2013) grouped the proteins of all the Megaviridae members, 
generating the ‘Mimivirus cluster of orthologous groups (MimiCOGs)’ (Yutin et al., 2013). Fifty two 
MimiCOG family genes are commonly shared among this group and, despite having the smallest genome, 




Figure 2.3: Maximum likelihood phylogenetic trees of (A) B family DNA polymerase (AaV_141), (B) 
Major capsid protein (AaV_096) and (C) A32-like virion packaging ATPase (AaV_165) with other 
NCLDV members.  The capsid homologs from the Poxviridae family are highly divergent and were not 
included in the major capsid protein phylogenetic analysis. The trees were constructed from amino acid 
alignments of the respective proteins. The Expected-Likelihood Weights (ELW) of 1,000 local 
rearrangements were used as confidence values for the nodes. The abbreviations are as follows: AaV 
(Aureococcus anophagefferens virus), CroV  (Cafeteria roenbergensis virus), OLPV 1 (Organic Lake 
Phycodnavirus 1), CeV (Chrysochromulina ericina virus), PGV 16T (Phaeocystis globosa virus 16T), 
APMV (Acanthamoeba polyphaga mimivirus), M. chilensis (Megavirus chilensis), M. monve 
(Moumouvirus monve), McV (Mollascum contagiosum virus), CpV (Canarypox virus), SpV (Swinepox 
virus), LsdV (Lumpy skin disease virus), YmtV (Yaba monkey tumor virus), AmeV ‘L’ (Amsacta moorei 
entomopoxvirus L), ASFV (African swine fever virus), ESV 1 (Ectocarpus siliculosus virus 1), FsV 
(Feldmannia species virus), ATCV 1 (Acanthocystis turfacea Chlorella virus 1), OsV5 (Ostreococcus 
virus OsV5), P. salinus (Pandoravirus salinus), EhV-86 (Emiliania huxleyi virus 86), Hav 01 
(Heterosigma akashiwo virus 01), LdV 1 (Lymphocystis disease virus 1), IsknV (Infectious spleen and 
kidney necrosis virus), Frv 3 (Frog virus 3), SgIV (Singapore grouper iridovirus), IRV 6 (Invertebrate 
iridescent virus 6), HvaV 3e (Heliothis virescens ascovirus 3e), P. sibericum (Pithovirus sibericum), 













Figure 2.4: BLASTn hits of whole genomes of NCLDV members recruited against the genome of AaV. 
The pairwise alignments (E-value < 1-e05) that each of the compared genomes produced with that of 
AaV were mapped on the AaV genome. The density of colors on each ring represents the identity 
percentage of nucleotides shared by a particular virus with AaV.  This figure illustrates the fact that AaV 









Apart from their large genome size, a key feature of the members of the Megaviridae group is the 
presence of both asparagine synthetase and MutS7 genes. Based on our analyses, it is evident that AaV 
belongs to this proposed clade; however, it lacks the asparagine synthetase gene, raising questions 
concerning the universality of this gene within the Megaviridae.  Other traits consistent with other 
Megaviridae to date (the presence of a “virus factory” within infected cells as well as the presence of 
virophage) are also not evident in our observations to date: while these latter traits require deeper 
investigation (e.g., TEM observations of infected cells in an effort to define the presence of virus 
factories), the data we have gathered to date highlights the difficulty of defining ‛core’ genes or traits in 
any system (Kislyuk et al., 2011).  
Based on synapomorphies, it has been suggested that Phycodna- and Mimiviruses originated from a 
common ancestor (Iyer et al., 2006). Indeed, in contrast to our conclusion that AaV belongs within the 
Megaviridae, 22 of the AaV genes had highest sequence similarity with phycodnaviruses, and in a 
number of cases to genes exclusively present in phycodnaviruses.  Among these are a phosphate 
starvation-induced protein (AaV_210) (Appendix Fig. 2.7m), a RNA polymerase sigma factor 70 
(AaV_076, putatively host derived), two copies SCF ubiquitin ligase (AaV_357, AaV_123), a zinc finger 
domain protein (AaV_380) and two paralogs of laminin G domain-containing protein (AaV_024, 
AaV_386).  A number of hypothetical genes exclusive to phycodnaviruses were also found in the AaV 
genome (Appendix Table 2.6). An intriguing finding was the presence of 4 paralogous copies of a 
phycodnavirus-specific hypothetical gene (Paralog group 17; Appendix Table 2.3) in the NCVOG cluster 
1343, hereinafter denoted as ‘AaV and phycodnavirus-specific highly similar genetic element’ 
(AP_HGE). This gene is also found in several strains of Paramecium bursaria - Chlorella virus in 
multiple copies (Yutin et al., 2013). In AaV, these elements share very high sequence homology, with 
average pairwise similarity of 90.5% and 80% at nucleotide and amino acid level, respectively. 
Furthermore, 90% of the 143 nucleotides immediately upstream and 82% of the 50 nucleotide positions 
immediately downstream of these ORFs are also fully conserved (Appendix Fig. 2.10). Although 
AP_HGEs do not match known mobile genetic elements, the possibility that the conserved sequence 
signatures may contribute to the mobility of these ORFs cannot be ruled out. 
Based on the similarity between AaV CDSs and proteins from other sources (Fig. 2.1a), we hypothesized 
that AaV has acquired genes from diverse sources. To reconstruct the evolutionary history of the AaV 
genes, we carried out a comprehensive maximum likelihood phylogenetic analyses for genes having 
homologs in diverse domains of life. According to the phylogenetic analyses, 78 genes possibly 
originated from bacteria, including the 50 genes in paralog group 1 (DUF285 domain containing proteins) 
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 (Appendix Table 2.3). Fifty-five genes showed highest phylogenetic affinity to NCLDVs. Eight genes 
were found to have closest similarity to the corresponding host protein (Appendix Fig. 2.7b, c, e and g, 
Appendix Table 2.2), indicating a relatively recent horizontal gene transfer. Thirty one genes appear to be 
acquired from eukaryotes other than the host. Another five proteins clustered with bacteria and the host 
(as the only eukaryote), indicating a history of gene transfer among bacteria, Aureococcus and AaV. 
Finally two genes possibly originated from archaea as suggested by our phylogenetic analysis.  
The Genomic architecture of AaV 
An initial observation, that most genes having phylogenetic affinity to the host proteins are 
located at the terminal regions of the genome, prompted us to further investigate the spatial distribution of 
the CDSs in the AaV genome. We partitioned the genome map into three sections of near-equal length 
(123.6 Kbp starting from 5` end (Terminal region A), 123.6 Kbp – 247.3 Kbp (Central region) and 247.3 
Kbp – 370 Kbp (Terminal region B); Fig. 2.2). Terminal region A contains 10 of the 13 genes having 
phylogenetic affinity to the host, with three in tandem (AaV_076, 077 & 078), suggesting the concurrent 
acquisition of these genes from the host. Twenty-five of the 31 genes having origin in other eukaryotes 
are also situated within the two terminal regions. Interestingly, of the 17 genes that are unique to AaV 
among the NCLDVs (Appendix Table 2.5), 14 are found in these two terminal sections. Genes unique to 
AaV are unlikely to have been vertically inherited from the ancestral virus and were possibly acquired 
through HGT.  Sixty of the 78 genes putatively derived from bacteria are distributed in the terminal 
regions, most of which are paralogous copies of DUF285 domain-containing ORFs. One of the most 
interesting observations was the presence of seven universal NCLDV specific ‘core’ genes (Yutin et al., 
2009) in the central region along with a capsid protein (AaV_247). This region also harbors 20 of the 28 
NCLDV specific hypothetical CDSs that are found in AaV (Appendix Table 2.6). In total, the central 
region accommodates 37 of the 55 AaV genes putatively having origin in NCLDVs. Taken together, these 
observations suggest that the ancestral version of AaV was probably a much smaller NCLDV, and that 
this virus has expanded its genome by accruing genes at the terminal regions from diverse sources 
including the host itself.  
It has been proposed that the Mimivirus genome evolved to its “giant” size by accumulating 
genes from host and other eukaryotic organisms at the terminal regions of the genome (Filee et al., 2008) 
and acquisition of bacterial genes by lineages of NCLDVs has also been demonstrated (Filee et al., 2007). 
Being a member of the Megaviridae clade, AaV shows a similar pattern of gene acquisition. In contrast to 
Mimivirus, however, AaV is unlikely to have intimate contact with bacteria inside the host, since 
Aureococcus anophagefferens is not known to be phagotrophic (Gobler and Sunda, 2012).  A. 
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anophagefferens can degrade foreign organic matter to derive energy and thus likely comes into frequent 
contact with foreign nucleic acids (Gobler et al., 2011), although one would anticipate that long stretches 
(especially as intact ORFs) would almost always be disrupted. Whether free DNA from the environment 
is assimilated by the host and made available to the virus during replication is an open question. Should 
intact non-host genes be present within infected A. anophagefferens, mechanisms like strand invasion 
might contribute to the assimilation of these foreign genes during replication of AaV inside the host (Filee 
et al., 2007). 
Conclusions 
We have presented the complete genome sequence of AaV, a virus that infects a marine 
pelagophyte that causes harmful brown tides. AaV is a large dsDNA virus, yet the smallest described 
member of an emerging clade, the Megaviridae, which harbors nucleocytoplasmic large DNA viruses 
with diverse hosts including both non-photosynthetic protists and photosynthetic algae. Despite having a 
smaller genome size, AaV shares a large number of core genes with other members of this growing 
group, which points to a common evolutionary history of AaV and some of the largest and most complex 
viruses. This observation suggests genome size is not a definitive criterion for the proposed ‘Megaviridae’ 
family. Analysis of the genome architecture suggests that the ancestral virus of AaV was probably much 
smaller in terms of genome size, and likely followed an evolutionary pathway involving massive gene 
accumulation and gene duplication from the host as well as other organisms. The genome of AaV harbors 
putative functional and hypothetical genes from both Phycodna- and Mimiviridae clades and thereby 
enhances our understanding of the evolutionary history of these two diverged families which may have a 
common ancestor (Iyer et al., 2006). Moreover, AaV has several genes novel to the NCLDV group with 
possible roles in regulation of host cell processes. Several genes likely acquired from A. anophagefferens  
possibly allow AaV to facilitate the acquisition of resources by its host during viral infection. 
Most of the Megaviridae family members isolated so far infect one single host, Acanthamoeba 
polyphaga, a non-photosynthetic phagotroph, although many researchers do not consider the amoeba to 
be the “native” host.  AaV joins this group as one of two Megaviridae members having known 
photosynthetic hosts, and in the current case it brings a substantial ecological history (Gastrich et al., 
2002; Gastrich et al., 2004; Gobler et al., 2007; Gobler and Sunda, 2012; Rowe et al., 2008). Algal 
viruses of the Phycodnaviridae family have been extensively studied regarding their seasonal dynamics 
(Martínez et al., 2007), diversity (reviewed in Short, 2012) and capability of modulating host cellular 
processes (Vardi et al., 2012) – however it is evident that algae-infecting NCLDVs exist across at least 
two distinct phylogenetic clades, and we anticipate new Megaviridae members with photosynthetic hosts 
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will be described in near future.  Because of the socioeconomic and environmental impact of brown tides, 
both A. anophagefferens and AaV have been studied extensively from physiological and ecological 
perspectives. Now, with the availability of genome sequences for both AaV and its host (Gobler et al., 
2011), it is possible to develop a biomolecular experimental model system for teasing apart not only the 
dynamics of Megaviridae family, as well as to begin to experimentally gain insight into the genomic and 
phylogenetic evolution of this group. 
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Figure 2.5: Genome map of AaV depicting forward and reverse strand genes, COG and NCVOG 




































Figure 2.7: Maximum likelihood phylogenetic trees of -  
a) ELP3-Histone acetyl transferase (AaV_368) 
b) Translation elongation factor 5a (AaV_110) 
c) Glucuronyl hydrolase (AaV_078) 
d) Putative pectate lyases (AaV_003, 038 and 375) 
e) Rhomboid family serine protease (AaV_077) 
f) Calpain family thiol protease (AaV_045) 
g) Undecaprenyl pyrophosphate synthase (AaV_077) 
h) UbiA prenyltransferase (AaV_373) 
i) AIM24 domain containing protein (AaV_144) 
j) Carbohydrate sulfotransferase (AaV_102) 
k) Phaeophorbide a oxygenase (AaV_372) 
l) DUF285 domain containing CDSs. 
m) PhoH family protein (AaV_210) 
Edge supports at the nodes are calculated as 1000 iterations of expected likelihood weights (LR-ELW). 
Sequences from different sources are depicted as: AaV – Red, eukaryotes – blue, bacteria – green, 
archaea - purple, other viruses – black. Details about phylogenetic tree construction are available in the 




Figure 2.7(a): ELP3-Histone acetyl transferase (AaV_368) 
 
Figure 2.7(b): Translation elongation factor 5a (AaV_110) 
 




Figure 2.7(d): Putative pectate lyases (AaV_003, 038 and 375) 
 







Figure 2.7(e): Rhomboid family serine protease (AaV_077) 
 
Figure 2.7(f): Calpain family thiol protease (AaV_045) 
 







Figure 2.7(g): Undecaprenyl pyrophosphate synthase (AaV_077) 
 
Figure 2.7(h): UbiA prenyltransferase (AaV_373) 
 






Figure 2.7(i): AIM24 domain containing protein (AaV_144) 
 
Figure 2.7(j): Carbohydrate sulfotransferase (AaV_102) 
 






Figure 2.7(k): Phaeophorbide a oxygenase (AaV_372) 
 







Figure 2.7(l): DUF285 domain containing CDSs.
 







Figure 2.7(m): PhoH family protein (AaV_210) 
 












Figure 2.8: Whole genome dot plot of AaV. The DUF285 domain containing repetitive regions are 











Figure 2.9: MEME sequence conservation logo of intergenic motifs present at the upstream regions of 
the DUF_ORFs. S5a) Intergenic motifs present at the upstream of the DUF_ORFs on positive strand. 














Figure 2.10: Sequence conservation at the immediate upstream and downstream regions of ‘AaV and 
Phycodnavirus specific highly conserved genetic elements (AP_HGEs) clustered in paralog group 17. 
S5a) Sequence alignment of immediate upstream regions of the ORFs in paralog group 17. S5b) 












Table 2.1: Mimivirus cluster of orthologous groups (MimiCOGs) present in AaV. The universal NCLDV 
core genes present in AaV are listed below.  
mimiCOGs AaV gene identifier Annotation 
CLS10031 AaV_134 Putative transcription factor 
CLS10039 AaV_247, AaV_096 Capsid protein (2 copies) 
CLS10089 AaV_193 DNA directed RNA polymerase II subunit rpb3 
CLS10259 AaV_171 DNA mismatch repair ATPase (MutS) 
CLS10201 AaV_084 Topoisomerase Type IA 
CLS10230 AaV_293 DNA topoisomerase type IIA 
CLS10090 AaV_298 DNA directed RNA polymerase subunit rpb9/M 
CLS10250 AaV_224 RNA polymerase subunit RPB5 
CLS10261 AaV_174 DNA directed RNA polymerase K subunit/rpb6 
CLS10249 AaV_131 Putative DNA Directed RNA pol II subunit E`/ RPB 7 
CLS10024 AaV_290 ERV/ALR sulphydryl oxidase 
CLS10086 AaV_383 Fucosylgalactoside 3-alpha-galactosyltransferase 
CLS10030 AaV_201 Putative Holliday junction resolvase 
CLS10056 AaV_158 Putative metal dependent hydrolase 
CLS10088 AaV_234, AaV_173 Nucleoside diphosphate hydrolase (MutT) 
CLS10052 AaV_065 Proliferating cell nuclear antigen (PCNA)  
CLS10035 AaV_208 Protein Disulfide Isomerase 
CLS10216 AaV_271 RNA polymerase subunit Rpb10 
CLS10047 AaV_034 Replication factor C subunit 2 
CLS10049 AaV_034 Replication factor C subunit 2 
CLS10258 AaV_125 Putative ribonuclease H1 
CLS10130 AaV_109 Ribonucleoside di phosphate reductase alpha subunit 
CLS10028 AaV_117 Putative TATA-box binding family protein. 





Table 2.1 Continued. 
mimiCOGs AaV gene identifier Annotation 
CLS10055 AaV_203 Transcription factor TF IIB 
CLS10011 AaV_074 Ubiquitin conjugating enzyme E2 
CLS10214 AaV_066 SUMO-1 specific cysteine protease 
CLS10066 AaV_130 VV_A18 like Helicase 
CLS10218 AaV_159 Putative lambda-type exonuclease 
CLS10212 AaV_200 Hypothetical protein found in other NCLDVs 
CLS10222 AaV_214 Hypothetical protein 
CLS10233 AaV_186 Hypothetical protein 
CLS10236 AaV_175 Conserved hypothetical protein 
CLS10043 AaV_250 Hypothetical protein 
CLS10046 AaV_328 Hypothetical protein 
CLS10070 AaV_116 Hypothetical protein (similar to other NCLDVs) 
CLS10081 AaV_179 Hypothetical protein similar to NCLDVs 
  Universal NCLDV core genes 
CLS10071 AaV_361 Putative VLTF-3 like Transcription Factor 
CLS10262 AaV_226, AaV_323 Putative D5 Primase/Helicase 
CLS10015 AaV_180, AaV_269 Putative ATP-dependent RNA helicase 
CLS10104 AaV_141 B family DNA polymerase 
CLS10076 AaV_242, AaV_320 DNA directed RNA polymerase II largest subunit 
CLS10053 AaV_002, AaV_222, AaV_370 RNA polymerase II second largest subunit 
CLS10219 AaV_211, AaV_213 mRNA capping Enzyme 
CLS10252 AaV_132 Ribonucleotide reductase small subunit 




Table 2.2: CDS name, location, length, functional annotation and probable phylogenetic origin of putative AaV coding sequences. The method of 








Annotation COG category NCVOG category Phylogenetic 
affinity 
AaV_020 19144..20211 356 Hypothetical protein    
AaV_148 146630..1472
02 
191 Putative Oxogluterate/Iron dependent 
dioxygenase 
   
AaV_141 137793..1418
78 
1362 B family DNA polymerase 0417 (DNA replication, 
recombination & repair) 
0038 (DNA replication, 









170 Putative deoxyuridine 5'_triphosphate 
nucleotidohydrolase  (dUTPase) 
0756 (Nucleotide transport 
and metabolism) 
1068 (Nucleotide metabolism) Eukaryotes 
AaV_322 308412..3088
73 
154 Cytosine-C5 specific DNA methyl 
transferase 
0270 (DNA replication, 
recombination & repair) 
1066 (Nucleotide metabolism) Host/Bacteria  [1]   
AaV_222 205303..2085
87 





882 DNA mismatch repair ATPase 
(MutS) 
0249 (DNA replication, 
recombination & repair) 
0105 (DNA replication, 
recombination & repair) 
Bacteria 
AaV_088 89626..91770 715 Putative DNA topoisomerase IA 0550 (DNA replication, 
recombination & repair) 
0036 (DNA replication, 
recombination & repair) 
Ambiguous 
AaV_002 3383..4105 241 RNA polymerase II second largest 
subunit 





373 DnaJ/Heat shock protein 40  0046 (Miscellaneous)  
AaV_001 1905..2891 329 DUF285 domain containing protein   Bacteria 
AaV_010 11074..11631 186 DUF285 domain containing protein   Bacteria 
AaV_011 11745..12623 293 DUF285 domain containing protein   Bacteria 
AaV_012 12716..13486 257 DUF285 domain containing protein   Bacteria 
AaV_013 13577..14275 233 DUF285 domain containing protein   Bacteria 
AaV_014 14368..14907 180 DUF285 domain containing protein   Bacteria 
AaV_015 14999..15829 277 DUF285 domain containing protein   Bacteria 
AaV_016 15936..16475 180 DUF285 domain containing protein   Bacteria 
AaV_017 16568..17224 219 DUF285 domain containing protein   Bacteria 
AaV_018 17257..18195 313 DUF285 domain containing protein   Bacteria 
AaV_019 18288..19043 252 DUF285 domain containing protein   Bacteria 
AaV_021 20592..21182 197 DUF285 domain containing protein   Bacteria 
AaV_022 21273..21896 208 DUF285 domain containing protein   Bacteria 
AaV_023 21986..22906 307 DUF285 domain containing protein   Bacteria 
81 
 












172 DUF285 domain containing protein   Bacteria 
AaV_348 330172..3308
37 
222 DUF285 domain containing protein   Bacteria 
AaV_349 330972..3321
14 
381 DUF285 domain containing protein   Bacteria 
AaV_350 332196..3328
16 
207 DUF285 domain containing protein   Bacteria 
AaV_351 332923..3335
37 
205 DUF285 domain containing protein   Bacteria 
AaV_352 333630..3347
99 
390 DUF285 domain containing protein   Bacteria 
AaV_353 334892..3354
70 
193 DUF285 domain containing protein   Bacteria 
AaV_354 335709..3364
82 
258 DUF285 domain containing protein   Bacteria 
AaV_355 336560..3373
99 
280 DUF285 domain containing protein   Bacteria 
AaV_356 337455..3384
17 
321 DUF285 domain containing protein   Bacteria 
AaV_374 358160..3585
88 
143 DUF285 domain containing protein   Bacteria 
AaV_004 5311..5613 101 DUF285 domain containing protein   Bacteria 
AaV_005 5704..6642 313 DUF285 domain containing protein   Bacteria 
AaV_006 6759..7586 276 DUF285 domain containing protein   Bacteria 
AaV_007 7677..8525 283 DUF285 domain containing protein   Bacteria 
AaV_008 8619..9473 285 DUF285 domain containing protein   Bacteria 
AaV_009 9567..10982 472 DUF285 domain containing protein   Bacteria 
AaV_212 197013..7567 185 DUF285 domain containing protein   Bacteria 
AaV_220 202174..2036
22 
483 Putative U-box E3 Ubiquitin Ligase   Bacteria 
AaV_264 246081..2468
57 
259 DUF285 domain containing protein   Bacteria 
AaV_277 259229..2608
21 
531 DUF285 domain containing protein   Bacteria 
AaV_309 294069..4698 210 DUF285 domain containing protein   Bacteria 
AaV_310 294791..2956
33 
281 DUF285 domain containing protein   Bacteria 
82 
 












472 DUF285 domain containing protein   Bacteria 
AaV_028 32900..33796 299 DUF285 domain containing protein   Bacteria 
AaV_029 34078..34986 303 DUF285 domain containing protein   Bacteria 
AaV_382 363982..3648
87 
302 DUF285 domain containing protein   Bacteria 
AaV_047 51851..52633 261 DUF285 domain containing protein   Bacteria 
AaV_052 55463..57676 738 DUF285 domain containing protein   Bacteria 
AaV_053 57735..58514 260 DUF285 domain containing protein   Bacteria 
AaV_123 124100..1246
57 










189 Hypothetical protein    Aureococcus  
AaV_101 101690..1024
51 
254 Putative Methyltransferase   Aureococcus [3]  
AaV_175 165262..1661
64 
301 Conserved hypothetical protein  1216 (Uncharacterized) NCLDV 
AaV_179 168119..1686
61 
181 Hypothetical protein   1137 (Uncharacterized) NCLDV 
AaV_186 174276..1746
77 
134 Hypothetical protein  1129 (Uncharacterized) NCLDV 
AaV_151 148486..1492
02 
239 Hypothetical protein  1278 (Uncharacterized) NCLDV 
AaV_045 50257..51312 352 Calpain family thiol protease   Eukaryote [4] 
AaV_104 104297..1071
64 
956 Hypothetical protein    
AaV_107 108381..1094
99 
373 Hypothetical protein    
AaV_108 109524..1097
36 
71 Hypothetical protein    
AaV_114 117031..1183
17 
429 Putative DegV domain (partial) 
containing protein  
   
AaV_121 123080..1237
63 
228 Predicted coiled-coil domain-
containing protein 
















75 Hypothetical protein    
AaV_131 130830..1315 162 Putative RNA pol II subunit E` 1095 (Transcription)   
AaV_135 134016..1343
72 
119 Hypothetical protein      
AaV_136 134406..1356
32 
409 Putative glycoprotein B domain 
containing protein (partial)  
   
AaV_139 136031..1363
24 
98 Hypothetical protein     
AaV_140 136427..1377
16 
430 Hypothetical protein     
AaV_145 145420..5713 98 Hypothetical protein     
AaV_146 145729.. 6028 100 Hypothetical protein      
AaV_147 146049..6585 179 Hypothetical protein     
AaV_154 150361..1506
72 
104 Hypothetical protein     
AaV_156 151137..1514
51 
105 Hypothetical protein     
AaV_160 154815..1554
29 
205 Hypothetical protein     
AaV_161 155545..1560
18 
158 Hypothetical protein     
AaV_167 159137..1593
10 
58 Hypothetical protein     
AaV_172 164176..1644
24 
83 Hypothetical protein   NCLDV 
AaV_174 164986..1652
31 
82 DNA directed RNA polymerase K 
subunit/rpb6 





185 Hypothetical protein     
AaV_177 166936..1671
69 
78 Hypothetical protein     
AaV_181 170980..1715
25 
182 Hypothetical protein     
AaV_182 171552..1719
23 
124 Hypothetical protein      
AaV_185 173791..1742
70 
160 Putative transmembrane domain 
containing protein 
   
84 
 












148 Hypothetical protein     
AaV_188 175566..1762
31 
222 Putative membrane protein    
AaV_189 176240..1767
28 
163 Putative valine-glycine-serine rich 
repeat containing protein 
   
AaV_191 178304..1791
85 
294 Hypothetical protien with zinc finger 
domain (partial). 
   
AaV_196 183084..1842
08 
375 Hypothetical protein     
AaV_197 184258..1844
40 
61 Hypothetical protein    
AaV_202 187303..1877
46 
148 Hypothetical protein   NCLDV 
AaV_206 191007..1912
61 
85 Hypothetical protein    
AaV_209 192802..1934
04 
201 Putative thioredoxin like fold 
containing protein 
 0629 (Uncharacterized) NCLDV 
AaV_213 197704..1983
78 
225 Putative m-RNA capping enzyme 
(partial) 





105 Hypothetical protein    
AaV_218 200860..2015
82 
241 Putative Serine/threonine-protein 
kinase (partial).  
   
AaV_221 203792..2053
06 
505 Hypothetical protein    
AaV_225 210024..2105
60 
179 Hypothetical protein     
AaV_227 212937..2137
91 
285 Replication factor C subunit  0071 (Miscellaneous) Eukaryote 
AaV_228 213859..2145
51 
231 C3HC4 domain containing E3 
ubiquitin ligase 





138 Putative Zinc/RING finger domain 
containing protein 
   
AaV_236 221152..2216
64 
171 Hypothetical protein    
AaV_237 221708..2228
05 
366 Putative calcium binding site 
containing protein 
   
85 
 












209 Hypothetical protein   NCLDV 
AaV_240 225025..2252
34 
70 Hypothetical protein    
AaV_245 231970..2321
70 
67 Hypothetical protein    
AaV_251 237069..2378
15 
249 Hypothetical protein    
AaV_254 238832..2393
08 
159 Hypothetical protein    
AaV_256 240065..2402
77 
71 Putative DNA repair protein (partial)     
AaV_257 240298..2405
70 
91 Hypothetical protein    
AaV_258 240600..2411
57 
186 Hypothetical protein     
AaV_259 241206..2416
37 
144 Hypothetical protein     
AaV_260 241670..2434
03 
578 Hypothetical protein    
AaV_266 248513..2490
73 
187 Hypothetical protein    
AaV_267 249117..2493
08 
64 Hypothetical protein    
AaV_272 253700..2546
53 
318 Hypothetical protein    
AaV_273 254676..2550
14 
113 Hypothetical protein    
AaV_278 260956..2613
42 
129 Hypothetical protein    
AaV_280 262232..2629
93 
254 Hypothetical protein    
AaV_283 267011..2674
30 
140 Hypothetical protein    
AaV_285 267923..2690
80 
386 Hypothetical protein   1343 (Miscellaneous) NCLDV 
AaV_289 275278..2755
32 
85 Hypothetical protein    
86 
 












60 Hypothetical protein    
AaV_294 281257..2814
48 
64 Hypothetical protein    
AaV_299 284698..2854
05 
236 Hypothetical protein    
AaV_301 286982..2871
76 
65 Hypothetical protein    
AaV_304 290100..2910
83 
328 Hypothetical protein    
AaV_313 299211..2998
43 
211 Hypothetical protein    
AaV_314 300376..3013
08 
311 Hypothetical protein   Bacteria 
AaV_319 303468..3037
61 
98 Hypothetical protein    
AaV_321 308022..3082
85 
88 Hypothetical protein    
AaV_327 314945..3152
65 
107 Hypothetical protein     
AaV_027 31567..32358 264 Hypothetical protein   Ambiguous 
AaV_329 315876..3188
12 
979 Putative DNA polymerase III subunit 
alpha (partial) 
 0420 (Uncharacterized)  
AaV_330 319354..3202
02 
283 Hypothetical protein   1012 (Uncharacterized) NCLDV 
AaV_333 321538..3217
32 
65 Hypothetical protein    
AaV_334 322006..3221
94 
63 Hypothetical protein    
AaV_341 324353..3247
06 
118 Hypothetical protein    
AaV_342 325392..3257
99 
136 Hypothetical protein    
AaV_346 328908..3292
52 
115 Putative methyl malonate semi 
aldehyde dehydrogenase family 
protein (partial)  
   
AaV_347 329593..3300
12 
140 Hypothetical protein    
87 
 












99 Hypothetical protein    
AaV_369 349969..3501
33 
55 Hypothetical protein    
AaV_371 354719..3552
79 
187 Hypothetical protein    
AaV_377 360343..3605
43 
67 Hypothetical protein    
AaV_384 367466..3687
88 
441 Putative repeat containinig protein    
AaV_031 37417..37650 78 Hypothetical protein     
AaV_033 38163..38678 172 Hypothetical protein    
AaV_035 39630..40175 182 Putative 3-octaprenyl-4-
hydroxybenzoate carboxy-
lyase/Phytase (partial) 
   
AaV_037 41888..42493 202 Putative DUF2722 domain 
containing protein (partial) 
   
AaV_039 43759..44658 300 HMG box domain containing protein    
AaV_048 52775..53518 248 Hypothetical protein    
AaV_049 53545..53913 123 Hypothetical protein    
AaV_050 53964..54668 235 Putative DUF2457 domain 
containing protein (partial)  
   
AaV_051 54677..55405 243 Hypothetical protein.    
AaV_055 60074..60565 164 Possible chromosome segregation 
ATPase (Partial) 
   
AaV_056 60577..61338 254 Putative glycosyl transferase family 
protein (partial) 
  Eukaryote 
AaV_057 61475..62128 218 Hypothetical protein.    
AaV_059 63059..64540 494 Hypothetical protein.    
AaV_060 64895..65119 75 Hypothetical protein.    
AaV_067 69400..70629 410 Putative ribosomal protein (partial)    
AaV_087 88926..89519 198 Hypothetical protein.    
AaV_090 92530..93009 160 Hypothetical protein.    
AaV_091 93064..94224 387 Hypothetical protein.    
AaV_098 99094..99567 158 Putative uncharacterized protein 
(DUF3478 domain containing) 
   
AaV_102 102469..1030
98 
210 Putative Carbohydrate 
Sulfotransferase 
  Bacteria  
88 
 












383 Hypothetical protein.    
AaV_105 107166..1077
14 
183 Hypothetical protein.    
AaV_106 107937..1083
44 
136 Hypothetical protein.    
AaV_116 118429..1190
58 
210 Hypothetical protein   0158 (Uncharacterized) NCLDV 
AaV_117 119114..1202
05 
364 Putative TATA-box binding family 
protein.  
 0313 (DNA replication, 




188 Putative phage structural protein like 
protein 
  Bacteria 
AaV_120 122439..1229
93 
185 Putative phage structural protein   Bacteria 
AaV_126 127225..1274
46 
74 Hypothetical protein  0842 (Uncharacterized) NCLDV 
AaV_127 127462..1276
26 
55 Hypothetical protein.    
AaV_129 128389..1290
87 
233 Hypothetical protein.    
AaV_134 133230..1339
19 
230 Putative VLTF2 like transcription 
factor 





53 Hypothetical protein.    
AaV_138 135832..1360
02 
57 Hypothetical protein.    
AaV_143 143105..1443
97 
431 Hypothetical protein.    
AaV_155 150669..1510
25 
119 Hypothetical protein.    
AaV_162 156071..1563
64 
98 Hypothetical protein.    
AaV_163 156381..1566
59 
93 Hypothetical protein.    
AaV_164 156665..1577
59 
365 Putative adenylate kinase domain 
protein (partial) 
   
AaV_166 158670..1590
92 
141 Putative SecD domain protein 
(partial).  
   
89 
 












413 Hypothetical protein.    
AaV_184 173271..1737
50 
160 Putative GTPase domain containing 
protein (partial).  
   
AaV_190 176938..1782
03 
422 Putative Serine threonine protein 
kinase haspin 





79 Hypothetical protein.    
AaV_198 184545..1847
99 
85 Hypothetical protein.    
AaV_200 185534..1865
50 
339 Hypothetical protein   1423 (Uncharacterized) NCLDV 
AaV_204 188832..1892
69 
146 Hypothetical protein.    
AaV_207 192023..1923
04 
94 Hypothetical protein.    
AaV_214 198480..1991
18 
213 Hypothetical protein  0645 (Uncharacterized) NCLDV 
AaV_216 199847..2002
78 
144 Hypothetical protein.    
AaV_219 201574..2017
86 
71 Hypothetical protein.    
AaV_223 208620..2093
21 
234 Hypothetical protein  1024 (Uncharacterized) 
(exclusive to iridoviruses, this 




280 Putative metallopeptidase like protein    
AaV_231 215893..2163
00 
136 Hypothetical protein.    
AaV_246 232167..2331
17 
317 Hypothetical protein   0632 (Uncharacterized) NCLDV 
AaV_248 234898..2351
67 
90 Hypothetical protein.    
AaV_250 236557..2370
18 
154 Hypothetical protein  0628 (Uncharacterized) NCLDV 
AaV_252 237807..2382
62 
















199 Hypothetical protein.    
AaV_263 245193..2460
02 
270 Hypothetical protein.    
AaV_265 247052..2483
08 
419 Hypothetical protein   1343 (Miscellaneous) NCLDV 
AaV_268 249555..2499
11 
119 Hypothetical protein.    
AaV_270 252750..2531
78 
143 Hypothetical protein.    
AaV_275 257563..2578
47 
95 Hypothetical protein.    
AaV_276 257971..2592
06 
412 Hypothetical protein   Bacteria 
AaV_279 261481..2622
06 
242 Hypothetical protein.    
AaV_284 267419..2675
74 
52 Hypothetical protein.    
AaV_286 269194..2738
04 
1537 Hypothetical protein.    
AaV_288 274558..2752
08 
217 Putative SAM dependent 
methyltransferase 





342 Hypothetical protein.    
AaV_297 283986..2842
55 
90 Hypothetical protein.    
AaV_300 285487..2868
24 
446 Putative HNH endonuclease     
AaV_302 287500..2880
33 
178 Class I DNA binding protein     
AaV_305 291080..2912
83 
68 Hypothetical protein.    
AaV_025 29246..30481 412 Hypothetical protein.    
AaV_308 293627..2939
83 
119 Putative bZIP transcription factor 1792 (Cell envelope 

















Annotation COG category NCVOG category Phylogenetic 
affinity 
AaV_317 302587.. 2871 95 Hypothetical protein.    
AaV_026 30573..31532 320 Hypothetical protein.    
AaV_326 314610..4840 77 Hypothetical protein.    
AaV_328 315300..3158
33 
178 Hypothetical protein  1083 (Uncharacterized) NCLDV 
AaV_332 320815..1393 193 Hypothetical protein.    
AaV_340 322911..4200 430 Hypothetical protein.    
AaV_344 327382..3280
68 
229 Hypothetical protein.    
AaV_345 328236..3286
46 
137 Hypothetical protein.    
AaV_358 339301..3401
25 
275 Hypothetical protein.    
AaV_360 342738..3429
83 
82 Hypothetical protein.    
AaV_362 344117..3446
38 
174 Putative SAP-domain protein    
AaV_363 344700..3459
23 
408 Hypothetical protein.    
AaV_364 346121..3463
42 
74 Hypothetical protein.    
AaV_365 346456..3467
52 
99 Hypothetical protein.    
AaV_379 361876..3621
45 
90 Putative membrane protein.    
AaV_385 368783..3690
82 
100 Hypothetical protein.    
AaV_032 37640..38116 159 Hypothetical protein.    
AaV_040 44865..45500 212 Hypothetical protein.    
AaV_041 45573..45782 70 Hypothetical protein.    
AaV_046 51299..51655 119 Putative seryl-tRNA synthetase partial    
AaV_062 65628..66191 188 Hypothetical protein    NCLDV 
AaV_063 66212..66391 60 Hypothetical protein.    
AaV_068 70852..71013 54 Hypothetical protein.    
AaV_069 71345..71524 60 Hypothetical protein.    
92 
 








Annotation COG category NCVOG category Phylogenetic 
affinity 
AaV_165 157836..158666 277 Putative A32 Virion packaging 
ATPase 
 0249 (Virion structure and 
morphogenesis) 
NCLDV 






AaV_311 296033..298075 681 Superfamily I Helicase 1112 (DNA replication, recombination 
& repair) 
 Ambiguous 
AaV_233 217851..218639 263 Replication factor C small subunit 
2 
 0001 (DNA replication, 
recombination & repair) 
Archaea 
AaV_306 291345..292946 534 Putative ABC-transporter family 
protein 
1132 (Defense mechanisms) 0002 (Miscellaneous) Eukaryote 
AaV_113 115796..116926 377 Putative adenine specific DNA 
methyltransferase 
 0234 (Other metabolic 
functions 
Bacteria 
AaV_144 144543..145367 275 Putative AIM24 domain containing 
protein 
2013 (Function unknown)  Ambiguous  
AaV_180 168698..170956 753 Putative VV D6R-type Helicase 1061 (Transcription / DNA replication, 
recombination, & repair) 
0031 (DNA replication, 
recombination & repair) 
NCLDV 
AaV_034 38715..39557 281 Replication factor C subunit 2 2256 (DNA replication, recombination 
& repair) 
1351 (DNA replication, 
recombination & repair) 
Ambiguous 
AaV_066 68577..69206 210 SUMO-1 specific cysteine protease 5160 (Posttranslational modification, 
protein turnover, chaperones) 
0246 (Other metabolic 
functions) 
NCLDV 
AaV_331 320186..320782 199 CDP-alcohol 
phosphatidyltransferase 
0558 (Lipid metabolism)  Bacteria  
AaV_082 84029..85357 443 Putative DNA photolyase class II 0415 (DNA replication, recombination 
& repair) 
1004 (Other metabolic 
functions) 
Ambiguous 
AaV_093 94629..95558 310 Putative Cytosine Deaminase 0402 (Nucleotide transport and 
metabolism / General function 
prediction only) 
 Bacteria 
AaV_226 210628..212871 748 Putative D5 Primase/Helicase  0023 (DNA replication, 
recombination & repair) 
Ambiguous 
AaV_094 95563..96015 151 Putative deoxycytidylate 
deaminase 
2131 (Nucleotide transport and 
metabolism) 
1064 (Other metabolic 
functions) 
Aureococcus 
AaV_030 35117..37414 766 Putative Superfamily II RNA 
helicase 
4581 (DNA replication, recombination 
& repair) 
0030 (DNA replication, 
recombination & repair) 
 














Annotation COG category NCVOG category Phylogenetic 
affinity 
AaV_070 71580..72029 150 Hypothetical protein   NCLDV 
AaV_074 77080..77388 103 Hypothetical protein   0329 (Other metabolic 
functions) 
NCLDV 
AaV_080 83441..83692 84 Hypothetical protein.    
AaV_081 83732..84004 91 Hypothetical protein.    
AaV_083 85539..87119 527 Hypothetical protein.    
AaV_085 87554..87763 70 Putative DNA photolyase (partial)    
AaV_089 91752..92459 236 Hypothetical protein.    
AaV_092 94246..94542 99 Hypothetical protein.    
AaV_249 235356..236498 381 Hypothetical protein   1343 (Miscellaneous) NCLDV 
AaV_298 284330..284653 108 DNA directed RNA polymerase 
subunit rpb9/M 
 0521 (Uncharacterized) Ambiguous 
AaV_239 223635..224891 419 Hypothetical protein  1343 (Miscellaneous) NCLDV 
AaV_243 230431..231069 213 Hypothetical protein  1278 (Uncharacterized) NCLDV 
AaV_232 216327..217844 506 Hypothetical protein  1131 (Uncharacterized) NCLDV 
AaV_096 96238..97650 471 Putative Capsid protein   0022 (Virion structure and 
morphogenesis) 
NCLDV 
AaV_124 124721..126679 653 NAD dependent DNA ligase 0272 (DNA replication, 
recombination & repair) 
0035 (DNA replication, 
recombination & repair) 
Bacteria 





0711 (Other metabolic 
functions) 
Eukaryote   
AaV_210 193409..194077 223 Phosphate starvation-inducible 
protein PhoH 
1702 (Signal transduction 
mechanisms) 
 Bacteria 
AaV_099 99594..100517 308 Putative Polynucleotide-kinase-3 
phosphatase 
4088 (Nucleotide transport 
and metabolism) 
0243 (Other metabolic 
functions) 
Ambiguous 
AaV_064 66416..67648 411 Hypothetical protein.    
AaV_065 67665..68477 271 Proliferating cell nuclear antigen 
(PCNA)/DNA polymerase sliding 
clamp 
0592 (DNA replication, 
recombination & repair) 
0241 (DNA replication, 
recombination & repair) 
NCLDV 
AaV_199 184821..185537 239 Oxogluterate/Iron dependent 
dioxygenas 
  Bacteria 
AaV_036 40319..41701 461 Oxogluterate/Iron dependent 
dioxygenase 

















318 DNA directed RNA polymerase II 
subunit rpb3 
0202 (Transcription) 0635 
(RNA_polymerase,Transcripti









235 DNA (cytosine-5) methyltransferase 0863  (DNA replication, 




415 Putative N6 Adenine specific DNA 
methyltransferase 





202 Putative DNA polymerase epsilon 
subunit 
0847 (DNA replication, 
recombination & repair) 
0047 (DNA replication, 
recombination & repair) 
Eukaryotic 
AaV_044 49279..50178 300 DNA polymerase X family protein  1796 (DNA replication, 
recombination & repair) 
004 (DNA replication, 




230 Crossover endonuclease Mus81 1948 (DNA replication, 
recombination & repair) 
 Ambiguous 
AaV_084 87334..87597 88 Topoisomerase Type IA 0550  (DNA replication, 
recombination & repair) 
0033 (DNA replication, 




1125 DNA topoisomerase type IIA 0187 (DNA replication, 
recombination & repair) 
0037 (DNA replication, 
recombination & repair) 
NCLDV 
AaV_307 292958.. 3623 222 DnaJ/Heat shock protein 40  0046 (Miscellaneous) Eukaryotes 
AaV_100 100780..1016
76 
299 Family 14 Glycosyltransferase   Eukaryote 
AaV_157 152372..1529
20 
183 DUF285 domain containing protein   Bacteria 
AaV_149 147261..1482
50 
330 Putative DUF285 domain containing 
protein 
  Bacteria 
AaV_169 159671..1606
42 
324 Putative DUF285 domain containing 
protein 
  Bacteria 
AaV_168 159671..1606
42 
324 DUF285 domain containing protein   Bacteria 
AaV_290 275529..2759
72 
148 ERV/ALR sulphydryl oxidase 5054 (Posttranslational 
modification, protein 
turnover, chaperones) 





144 Eukaryotic Translation Elongation 
factor 5A 
0231 (Translation, ribosomal 
structure and biogenesis) 
 Aureococcus    [2] 
AaV_078 80252..81715 488 Family 88 Glycosyl Hydrolase 
(Unsaturated Glucuronyl hydrolase) 
4225 (General function 
prediction only) 
 Aureococcus     
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430 Glycosyl Transferase family 25 3306 (Cell envelope 
biogenesis, outer membrane) 





603 Putative glycosyltransferase 0438 (Cell envelope 
biogenesis, outer membrane) 





220 family 25 Glycosyltransferase 3306(Cell envelope 
biogenesis, outer membrane) 















932 Putative ATP-dependent RNA 
helicase 
 0031 (DNA replication, 
recombination & repair) 
NCLDV 
AaV_073 74109..77027 973 Putative DEADDEAh box helicase  0032 (DNA replication, 




598 Putative Histone acetyl transferase 1243 
(Transcription/Chromatin 
structure and dynamics) 
 Eukaryote 
AaV_075 77645..78022 126 Class I DNA binding Protein 5648 (Chromatin structure and 
dynamics) 
0071 (Miscellaneous) Aureococcus [5] 
AaV_097 97924..98979 352 Putative HNH endonuclease  0072 (DNA replication, 




230 Putative Holliday junction resolvase  0278 (DNA replication, 




1118 Putative DNA repairing ATPase 0419 (DNA replication, 
recombination & repair) 
0308 (DNA replication, 




157 Putative Ion channel domain 
containing protein 





2076 Putative Concanavalin A-like 
lectin/glucanase superfamily protein 
 0107 (Uncharacterized) Bacteria 
AaV_386 369148..3709
20 
591 Putative Concanavalin A-like 
lectin/glucanase superfamily protein 
 0108 (Uncharacterized) Bacteria 
AaV_111 113987..1146
46 
220 Class 3 Lipase 3675 (Lipid metabolism) 0225 (Other metabolic 
functions).  
Bacteria 
AaV_042 45835..48150 772 Putative Lon protease 0466 (Posttranslational 
modification, protein 
turnover, chaperones) 




















Annotation COG category NCVOG category Phylogenetic 
affinity 
AaV_043 48433..49218 262 Small conductance mechanosensetive 
channel  
0668 (Cell envelope biogenesis, 
outer membrane) 
 Ambiguous 
AaV_281 263017..263565 183 Putative membrane protein    NCLDV 
AaV_158 152969..153559 197 Putative metal dependent hydrolase  1120 (Metallopeptidase) NCLDV 
AaV_324 311932..312966 345 Putative type II DNA methyltransferase 2263 (Translation, ribosomal 
structure and biogenesis) 
0234 (Other metabolic 
functions) 
 
AaV_287 273849..274556 236 S-adenosyl L-methionine dependent 
Methyltransferase 
2226 (Coenzyme metabolism) 1191 (Other metabolic 
functions) 
Eukaryote 
AaV_367 347283..347885 201 Putative RNA methylase 0742 (DNA repilcation, 
recombination & repair) 
0564 (Other metabolic 
functions) 
Eukaryotes 
AaV_211 194094..196826 911 mRNA capping Enzyme  1117 (Transcription and RNA 
processing) 
NCLDV 
AaV_173 164421..164867 149 Nucleoside diphosphate hydrolase 
(MutT)  
0494 (DNA replication, 
recombination, & repair / 
General function prediction only) 
0236 (Transcription and RNA 
processing) 
Bacteria 
AaV_234 218742..219233 164 Nucleoside diphosphate hydrolase 
(MutT) 
0494 (DNA replication, 
recombination, & repair / 
General function prediction only) 
0236 (Transcription and RNA 
processing) 
Bacteria 
AaV_375 358656..359930 425 Putative pectate lyase 3866 (Carbohydrate transport and 
metabolism) 
 Host/Bacteria 
AaV_003 4177..5256 364 Putate pectate lyase 3866 (Carbohydrate transport and 
metabolism) 
 Host/Bacteria 
AaV_038 42485..43642 386 Putative Pectate Lyase 3866 (Carbohydrate metabolism)  Host/Bacteria 
AaV_261 243436..244581 382 Putative HD superfamily 
phosphohydrolase 
1078 (General function 
prediction only) 
0603 (Uncharacterized) NCLDV 
AaV_303 288135..290054 640 Oxogluterate/Iron dependent 
dioxygenase 
 1166 (Other metabolic 
functions) 
Bacteria 
AaV_208 192373..192768 132 Protein Disulfide isomerase 0526 (Posttranslational 
modification, protein turnover, 
chaperones) 
0317 (Other metabolic 
functions) 
NCLDV 
AaV_383 364951..367395 815 fucosylgalactoside 3-alpha-
galactosyltransferase 
 0059 (Uncharacterized) Eukaryotes 
AaV_077 79189..80175 329 Rhomboid family Serine protease 0705 (Amino acid metabolism)  Aureococcus 
AaV_125 126731..127180 150 Putative ribonuclease H1 0328 (DNA replication, 
recombination & repair) 
1352(DNA replication, 












Annotation COG category NCVOG category Phylogenetic 
affinity 
AaV_079 81762..83384 541  (Ribonuclease R) 0557 (Transcription)  Ambiguous 
AaV_372 355315..3566
61 
449 Putative Phaeophorbide a Oxygenase 2146 (Inorganic ion transport  




164 C3H2C3-type E3 Ubiquitin 




0330 (Signal transduction and 
regulation) 
Eukaryotes 
AaV_292 276204.. 7649 482 C3HC4 type  E3 Ubiquitin ligase   0330 (Signal transduction) Eukaryotes 
AaV_253 238304..2388
04 
167 RNA polymerase Rpb5, C-terminal 
domain 
2012 (Transcription) 0273 (Transcription and RNA 
processing) 
NCLDV 
AaV_076 78130..78954 275 RNA polymerase sigma factor 70 0568 (Transcription)  Aureococcus [6] 
AaV_241 225244..2260
05 
254 Ribonuclease H 0258 (DNA replication, 




172  SCF ubiquitin ligase 5201 (Posttranslational 
modification, protein 
turnover, chaperones) 
1299 (Other metabolic 
functions) 
Eukaryotes   [2][8] 
AaV_058 62257..63033 259 Putative Tetratricopeptide domain 
containing protein 
  Host/Bacteria [7] 
AaV_381 363515..3639
85 
157 Transcription Elongation factor 
TFIIS/DNA directed RNA 
polymerase subunit M 










522 Hypothetical protein    
AaV_112 114866..1156
78 
271 Type II DNA modification methyl 
transferase 





416 UbiA Prenyltransferase 0382 (Coenzyme metabolism)  Ambiguous  
AaV_132 131399..1323
76 
326 Ribonucleotide reductase small 
subunit 
0208 (Nucleotide transport 
and metabolism) 
0276 (Nucleotide metabolism) NCLDV 
AaV_255 239312..2400
16 
235 Undecaprenyl pyrophosphate 
synthase 
0020 (Lipid metabolism)  Archaea  
AaV_159 153635..1548
58 
408 Putative lambda-type exonuclease  1192 (DNA replication, 
recombination & repair) 
NCLDV 
AaV_061 65210..65515 102 Putative WWE domain containing 
protein  
  Eukaryote 
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95 Putative zf-DHHC domain containing 
protein 
   
AaV_380 362217..3634
61 
415 Putative Zinc finger domain 
containing protein 
5189 (Transcription / Cell 
division and chromosome 
partitioning) 
0072 (DNA replication, 
recombination & repair) 
Eukaryote 
AaV_086 87814..88797 328 DUF285 domain containing protein   Bacteria 
AaV_244 231420..2320
19 
200 Ribonulease HII 0164 (DNA replication, 




1227 Ribonucleoside di phosphate 
reductase alpha subunit 
0209 (Nucleotide transport 
and metabolism) 
1353 (Nucleotide metabolism) Eukaryote 
AaV_242 226063..2300
52 
1330 DNA directed RNA polymerase II 
largest subunit 





1289 DNA directed RNA polymerase 
largest subunit 





1110 DNA directed RNA polymerase 
second largest subunit 










300 Serine threonine protein phosphatase 0639 (Signal transduction 
mechanisms) 
0995 (Uncharacterized). 
Renized by deltablast 
Ambiguous 
AaV_054 58603..59985 461 Thymidylate synthase 0207 (Nucleotide transport 
and metabolism) 
1136(Nucleotide metabolism) Ambiguous [8]  
AaV_118 120292..1216
65 
458 Translation elongation factor EF-1 
alpha 
5256 (Translation, ribosomal 
structure and biogenesis) 
0064 (Translation) Eukaryote   
AaV_361 343105..3441
24 
340 Putative VLTF-3 like Transcription 
Factor 





444 VV_A18 like Helicase 1061 (Transcription/DNA 
replication,recombination,repa
ir) 
0076 (DNA replication, 




901 D5-ATPase-Helicase 3378 (General function 
prediction only) 
0023 (DNA replication, 




684 DUF285 domain containing protein   Bacteria 
AaV_072 72876-73979 1104 DUF285 domain containing protein   Bacteria 
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1. Aureococcus mitochondria is among the closest relatives in phylogenetic reconstruction. 
2. Aureococcus is a close relative along with Thalassiosira.  A cluster of Aav, T. pseudonana and Aureococcus in the phylogenetic reconstruction. 
3. Other picoeukaryotes are monophylatic with this gene. 
4. Aureococcus seems to be of close in terms of phylogenetic affinity with other picoeukaryotes. 
5. Has paraphily with Micromonas and other picoeukaryotes. 
6. FIrst hit in Blast is to bacteria, but phylogeny reveals origin in the host. 
7. Thalassiosira is close in terms of phylogenetic affinity. 




Table 2.3: Paralogous genes in AaV clustered in groups. 
Paralog 
group 
CDSs Annotation Copies 
1 AaV_001,  004 - 19, 020- 023,  343, 348 – 
356, 374, 212, 264, 277, 309, 30, 325, 028, 
029, 382, 047, 052, 053, 157, 149, 169, 168, 
086, 133, 072 
DUF285 domain containing 
proteins 
50 
2 AaV_003, AaV_375, AaV_038 Putative pectate lyase 3 
3 AaV_357, AaV_123 SCF ubiquitin ligase 2 
4 AaV_243, AaV_151 Hypothetical proteins similar to 
NCLDVs 
2 
5 AaV_386, AaV_024, AaV_276, AaV_314, 
AaV_204 
Laminin G domain proteins and 
derivatives 
5 
6 AaV_082, AaV_085 Putative CPD photolyases 2 
7 AaV_242, AaV_320 DNA directed RNA polymerase 
II largest subunit 
2 
8 AaV_221, AaV_083 Hypothetical proteins (Orfans) 2 
9 AaV_087, AaV_332 Hypothetical proteins (Orfans) 2 
11 AaV_275, AaV_385 Hypothetical proteins (Orfans) 2 
12 AaV_160, AaV_161 Hypothetical proteins (Orfans) 2 
13 AaV_341, AaV_347 Hypothetical proteins (Orfans) 2 
14 AaV_196, AaV_258 Hypothetical proteins (Orfans) 2 
15 AaV_312, AaV_317 Hypothetical proteins (Orfans) 2 
16 AaV_080, AaV_081 Hypothetical proteins (Orfans) 2 
17 AaV_285, AaV_249, AaV_239, AaV_265 Hypothetical proteins similar to 
NCLDVs 
4 
18 AaV_114, AaV_140, AaV_067,AaV_143, 
AaV_183, AaV_025, AaV_340, AaV_363 
Hypothetical proteins (Orfans) 8 










tag Start End Type 
Anti-
codon 
1 AaV_335 322252 322333 Leu TAA 
2 AaV_336 322372 322445 Ile TAT 
3 AaV_337 322625 322707 Ser TGA 
4 AaV_338 322727 322812 Tyr GTA 
5 AaV_339 322836 322906 Gln TTG 
6 AaV_150 148390 148317 Arg TCT 
7 AaV_115 118395 118324 Thr AGT 

















Table 2.5: Genes uniquely present in AaV among the nucleocytoplasmic large DNA viruses (NCLDVs)  
Gene ID Putative function Probable phylogenetic 
origin 
AaV_045 Calpain family thiol protease Eukaryote 
AaV_102 Putative Carbohydrate sulfotransferase Bacteria 
AaV_331 CDP-alcohol phosphotidyl transferase Bacteria 
AaV_078 Unsaturated Glucuronyl hydrolase Aureococcus (Host) 
AaV_003, AaV_375, 
AaV_038(Paralogs) 
Putative pectate lyase Bacteria/Aureococcus*  
AaV_144 AIM24 domain containing protein Ambiguous 
AaV_093 Putative cytosine deaminase Bacteria 
AaV_077 Rhomboid family serine protease Aureococcus (Host) 
AaV_110 Eukaryotic translation initiation factor 
5A 
Aureococcus (Host) 
AaV_373 UbiA prenyl transferase Ambiguous 
AaV_255 Undecaprenyl pyrophosphate synthase Archaea 
AaV_061 WWE domain containing protein Eukaryote 
AaV_027 Hypothetical protein Ambiguous 
AaV_220 Putative DUF285 domain containing E3 
ubiquitin ligase 
Bacteria 








Table 2.6: Putative AaV CDSs having homologs only in the NCLDVs (NCLDV specific ORFans). Genes 
present inside the central region (123.6 Kbp – 247.3 Kbp) are denoted in the final column. 
Gene ID Start End 
NCLDV families with 
homologs 
Gene inside the central 
region? 
   Megaviridae only  
AaV_070 71580 72029  No 
AaV_074 77080 77388  No 
AaV_172 164176 164424  Yes 
AaV_209 192802 193404  Yes 
AaV_232 216327 217844  Yes 
AaV_250 236557 237018  Yes 
   Phycodnaviridae only  
AaV_062 65628 66191 
 
No 
AaV_126 127225 127446  Yes 
AaV_134 133230 133919  Yes 
AaV_238 222846 223472  Yes 
AaV_239 223635 224891  Yes 
AaV_243 230431 231069  Yes 
AaV_246 232167 233117  Yes 
AaV_249 235356 236498  Yes 
AaV_265 247052 248308  Yes 
AaV_281 263017 263565  No 
AaV_285 267923 269080  No 
AaV_330 319354 320202  No 
   
Both Phycodnaviridae 
and Megaviridae  
AaV_116 118429 119058 
 
No 
AaV_151 148486 149202  Yes 
AaV_158 152969 153559  Yes 
AaV_175 165262 166164  Yes 
AaV_179 168119 168661  Yes 
AaV_186 174276 174677  Yes 
AaV_201 186590 187279  Yes 
AaV_202 187303 187746  Yes 
AaV_214 198480 199118  Yes 




































This chapter is a version of an article in preparation for submission to mBio by Mohammad 
Moniruzzaman, Eric R. Gann, Stephen P. Dearth, Shawn R. Campagna and Steven W. Wilhelm. 
My contribution to this work was experimental design, sample collection and processing, transcriptomic 


























While Aureococcus anophagefferens virus (AaV) plays a critical role in regulating the fate of Brown tide 
blooms, the molecular aspects of the infection process remain unknown.  We studied the transcriptomic 
response of the Aureococcus anophagefferens CCMP1984 cultures that were challenged with AaV over 
an entire infection cycle. A massive transcriptional reprogramming of the host was evident as early as 5 
minutes post-infection, with modulation of specific processes likely related to both host defense 
mechanism and viral takeover of the cell. Infected Aureococcus showed a relative suppression of host-cell 
transcripts associated with photosynthesis, cytoskeleton formation, fatty acid and carbohydrate 
biosynthesis. In contrast, host cell processes related to protein synthesis, polyamine biosynthesis, cellular 
respiration, transcription and RNA processing were overrepresented compared to the healthy cultures at 
different stages of the infection cycle. Interestingly, a large number of selenoproteins were overexpressed 
during infection. Overexpression of the redox active selenoproteins also indicated that viral replication 
and assembly were possibly under progress in a highly oxidative environment. Out of 384 AaV genes, we 
detected expression of 381. These genes demonstrated a clear temporal-expression pattern, with 
increasing relative expression observed for majority of the genes over time. We also detected a putative 
early promoter motif for AaV, which was highly similar to the early promoter elements of two other 
Mimiviridae members, indicating some degree of evolutionary conservation of this promoter element 
within this clade. This study provides first series of insights into the Aureococcus ‘virocell’, and paves the 
way to generate compelling hypothesis regarding metabolic and regulatory processes which play critical 














In the formative paper on ‘viral shunt’ (1999), Wilhelm and Suttle pointed to the critical role of 
viruses in the microbial loop. Viruses lyse and directly release cellular organic and inorganic nutrients 
back to the environment, where some become available for microbial growth, while othjer organic 
material may be exported to the deep ocean (Wilhelm & Suttle, 1999). With an estimated 10
31
 virus 
particles in the sea (Angly et al., 2005), the geographical scale and impact of these processes are 
enormous – viral activity can turn over an estimate of 150 gigatons of carbon per year (Suttle, 2007). This 
role of viruses in the global biogeochemical cycle raise the inevitable question – “How do they do it?” 
Indeed, the answer lies within the molecular details of the infection process. It is historically thought that 
viruses encode the minimal amount of genomic information necessary in order to instruct host cells to 
produce new viruses.  Using almost entirely the host machineries, hundreds of virus particles can be 
produced from one host cell. For example, Hepatitis B virus encodes only four overlapping genes in a 3.2 
kb genome (Liang, 2009), whereas a large number of Picornavirales members, which are widespread in 
the ocean, only code for one or two proteins (Lang et al., 2009). 
This paradigm was challenged by discovery of ‘giant’ eukaryotic viruses – viruses that rival even 
bacterial cells in terms of their physical size and genomic content (Raoult et al., 2004, Moniruzzaman et 
al., 2014, Wilhelm et al., 2016). It was eventually revealed that a major portion of the genomic content of 
these giant viruses was acquired from the eukaryotic hosts and other sources through horizontal gene 
transfer (HGT), some of which are passed vertically through the course of viral evolution (Filee et al., 
2007, Koonin & Yutin, 2010). Together, this genomic content can potentially make these large viruses 
largely autonomous of the host cell, and can even empower them to control individual processes in the 
complex eukaryotic cells to produce virus specific macromolecules (Claverie & Abergel, 2010).  
Despite our knowledge concerning the genomic potential of these viruses, the molecular 
underpinnings of conversion from a healthy host cell into a ‘virocell’ (Forterre, 2013) is largely unknown. 
Of particular interest are the eukaryotic algae and their giant viruses, owing to the role of phytoplanktons 
in global carbon cycling (Li, 1994, Worden et al., 2004) and the formation of rapid and sometimes 
devastating algal blooms (Anderson et al., 2011). Critical insights have been obtained regarding the 
modulation of cellular processes of Emiliania huxleyi – the most abundant coccolithopore alga in the 
world’s ocean – upon infection by its virus, EhV (Vardi et al., 2012). This includes the production of viral 
glycosphingolipids (vGSLs) through a sophisticated virus-mediated regulation of host lipid biosynthesis 
and modulation of host redox state (Vardi et al., 2009, Rosenwasser et al., 2016). In parallel, 
transcriptomic analyses of Chlorella variabilis infected by a giant virus, PBCV-1, has helped elucidate 
108 
 
host-processes during the early phase of infection (Rowe et al., 2014). However, giant viruses infecting 
eukaryotic algae are enormously diverse, infecting a potentially wide range of photosynthetic hosts (e.g., 
Moniruzzaman et al. (2016)). And while they do share a few core proteins, there are a large number of 
genes that vary from one virus to another. As a consequence, significant differences in the molecular basis 
of interactions can be expected between different eukaryotic host-virus pairs. 
In this study, we employed transcriptomics to resolve the molecular response of Aureococcus 
anophagefferens to infection by AaV. Prior research has resolved the genomic complement of both AaV 
and Aureococcus (Gobler et al., 2011, Moniruzzaman et al., 2014). However, no information is available 
on the progressive changes in the molecular processes of Aureococcus cells upon infection, which might 
provide critical information on the metabolic pathways and cellular components that can impact virus 
production. Additionally, the possible roles of the large number of genes that AaV acquired from host, 
other organisms and its NCLDV ancestor remain to be elucidated. Our experimental design examined 
different stages of the AaV infection cycle to capture the dynamic nature of host cellular response and 
viral transcriptional landscape. This study provides first insights into the molecular interaction between an 
environmentally disruptive harmful alga and a giant virus. 
Materials and Methods 
Experimental setup 
  Aureococcus anophagefferens culture was maintained in modified L-1 medium (Guillard, 2003) 




at a 14:10 (h) light-dark cycle. Prior to the experiment, 
Aureococcus cultures were grown to a mid-log phase concentration of ~9 x 10
5
 cells/ml. Five biological 
replicates (2.0 L) of Aureococcus cells were started within two hours of the onset of the light cycle. The 
cultures were inoculated with AaV at a multiplicity of infection (MOI) of ~18. The MOI was determined 
by counting DNA containing virus particles through fluorescence microscopy, since a plaque assay is not 
available for estimating the infectious AaV titer. For each of the biological replicates, controls inoculated 
with the same volume of heat-killed viral lysate was also established. The heat killed lysate was generated 
by microwaving for 5 minutes. Samples were collected at 5 min, 30 min, 1 h, 6 h, 12 h and 21 h after 
inoculation. For RNA extraction, 250 ml samples were filtered through 0.8-µM pore-size ATTP filters 
(EMD Millipore, Darmstadt, Germany) and immediately flash frozen in liquid nitrogen and stored at -80° 
C until further processing. Unfiltered samples (for cell enumeration) and samples passed through 0.45-
µM polyvinylidene fluoride syringe filters (Merck, Darmstadt, Germany) for free virus count were 
preserved in 0.5% glutaraldehyde at -80° C from each sample at each time point.  
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Cell and free virus densities 
  Aureococcus cells were enumerated using a GUAVA-HT6 flow cytometer (EMD Millipore, 
Darmstadt, Germany) gated on the red chlorophyll fluorescence. Free virus particle densities from each 
time point was determined following Ortmann and Suttle, 2009. Samples were thawed at room 
temperature and diluted 100 times using L-1 medium prior counting. The diluted samples were collected 
on 25-mm diameter Whatman Anodisc (Sigma-Aldrich, St. Louis, MO, USA ) inorganic membrane filters 
having a nominal pore-size of 0.02 µM. The filters were allowed to air-dry for 15 mins following 
incubation with 15 µL of  4,000X diluted Syber Green (Lonza, Rockland, ME, USA). The filters were 
then fixed using an anti-fade solution (50:50 PBS/glycerol and 0.1% p-Phenylenediamine) (Noble & 
Fuhrman, 1998). Slides were observed through a Leica DM5500 B microscope at 1000X magnification 
with a L5 filter cube (excitation filter: 480/40, suppression filter: BP 527/30) (Leica Microsystems CMS 
GmbH, Hesse, Germany). For each sample, 20 random fields (1 µM X 1 µM) were enumerated and 
averaged. The following formula was used to estimate the VLPs/ml in each sample: 
𝑉𝐿𝑃𝑠/𝑚𝑙 = 𝑉𝑓 ∗  
𝐴𝑎
𝐴𝑔 ∗ 𝑉𝑓
∗  𝐷 
Where, Vf  = average virus count/field, Aa = total filterable area of Anodisc (excluding the O-ring), Ag = 
Area of eyepiece grid, Vf= volume filtered (mL), D = dilution factor. 
RNA extraction and sequencing 
Three of the 5 biological replicate experiments were used for RNA extraction and analysis for 
this study. The other two samples were preserved for metabolome extraction, results of which will be 
described elsewhere. RNA was extracted with MO BIO Powerwater RNA isolation kit (MO BIO 
Laboratories, Carlsbad, CA, USA) following a 2 min bead beating step using Lysing Matrix E 2 mL tubes 
(MP Biomedicals, Santa Ana, CA, USA). The manufacturer’s protocol was followed with slight 
modification. Specifically, the DNAse treatment step was performed twice to ensure sufficient purity of 
the RNA. RNA was quantified using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, 
Waltham, MA, USA) and RNA integrity was checked with an Agilent Bioanalyzer 2100 (Agilent 
Technologies, Santa Clara, CA, USA). Extracted RNA was sequenced in the HudsonAlpha Genomic 
Services Lab (Huntsville, AL, USA). The RNA samples were poly-A selected to enrich for mRNA. 




 sequencer at a target depth of ~25 million reads per 
sample and 76 bp read length. Standard protocols by Illumina
®
 were followed for library preparation, 
poly dT bead selection and sequencing. 
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Bioinformatics analysis  
Sequencing reads were trimmed in CLC Genomics Workbench 9.0 (Qiagen, Hilden, Germany). 
Reads with a quality score cut-off of 0.3 or with ambiguous bases (‘N’s) were discarded. Reads passing 
quality control were mapped to the Aureococcus genome sequence (NCBI. Accession no ACJI00000000) 
with stringent mapping criteria (95% similarity, 70% length matching). Differential expression of genes 
in the virus-treated samples compared to the controls was determined at each time point using edgeR 
program implemented in the CLC Genomics Workbench 9.0. P-values were adjusted for False Discovery 
Rate (FDR) using Benjamini-Hochberg (BH) procedure (Benjamini & Hochberg, 1995). Reads were also 
mapped to the AaV genome using the same parameters. The number of reads mapped to each AaV gene 
was rarefied by library size. Values from biological replicates at each time point were averaged prior to 
hierarchical clustering. Data was visualized using a heatmap of AaV gene expression in PRIMER 7.0 
statistical analysis program (Clarke & Gorley, 2015). 
The enrichment of genes within the framework of Gene Ontology (GO) terms (positive or 
negative fold changes) was determined using BiNGO (Maere et al., 2005). Only genes showing an 
absolute fold change of ≥1.5 were used for this analysis. The distribution of reads within KEGG pathways 
was determined using a z-test as implemented in ‘GAGE’ R package (Luo et al., 2009). This analysis 
employed input from all the genes, irrespective of fold-change level or statistical significance, and looked 
for coordinated expression changes in a particular pathway. The resulting P-values for both the analyses 
were adjusted for false discovery rate (FDR) using Benjamini-Hochberg (BH) procedure (Benjamini & 
Hochberg, 1995). We considered a FDR p-value cut-off of 0.1 for the GO analysis and 0.15 for the 
pathway enrichment analysis as significant 
Results 
Cell growth and virus infection dynamics 
Cultures inoculated with heat-killed lysates displayed the growth pattern of a healthy 
Aureococcus culture, reaching a cell density of approximately ~1.1 x10
6
 cells/ml by 24 h (Figure 3.1). In 
contrast, the virus infected cultures didn’t show any significant increase in cell density over the course of 
infection, indicating that a proportion of cells were infected during the first cycle of virus propagation 
(Figure 3.1). Consistent with previous studies, free-virus titer increased around 24 h after infection and 
steadily increased up to ~3.5 x 10
7
 VLPs/mL by 30 h post infection (Figure 3.1). Complete lysis of the 
culture usually takes 48-72 hours during routine virus production in lab, encompassing 2-3 infection 




Figure 3.1: Aureococcus and AaV count over the course of infection.  Cell counts are average of three 
biological replicates, while virus counts are average of two biological replicates. Green – cell count in 















RNA-seq output and read mapping statistics 
After quality trimming, between ~18.2 and 29.4 million reads were obtained from the 36 samples. 
In the control samples, > 80% of the reads could be mapped to the host nuclear, chloroplast and 
mitochondrial genomes (Figure 3.2). In the virus-treated samples, the proportion of virus transcripts 
steadily increased over time (Figure 3.2, 3.3). As a result, the fraction of reads mapped to the host genome 
slightly decreased in the virus-treated samples at the later time points (Figure 3.2). About ~20% of the 
reads from all the samples could not be aligned to the host or viral genomes, which likely originated as a 
result of contamination during library preparation and sequencing. 
Gene expression dynamics of AaV 
Transcripts from 116 viral genes were present in the infected culture as early as 5 min post-infection 
(Figure 3.4, 3.5). While only ~0.007% reads could be mapped to viral genome from sequence libraries at 
5 min, ~15% of the reads originated from viral transcripts by the 21 h time point (Figure 3.3). To resolve 
temporal patterns of virus gene expression, we performed a hierarchical clustering using the average 
number rarefied reads per library that mapped to viral genes over the time course. Clear temporal patterns 
in gene expression were observed, with some genes expressed either immediately or within one hour of 
infection, while reads from other genes appeared late into the infection (Figure 3.5). The temporal 
clustering provided an opportunity to resolve promoter sequences associated with early and late gene 
expression. We grouped the genes first expressed within 5 minutes to 6 hours as ‘early to intermediate’ 
class, and the genes expressed within 12-21 hours as ‘late’ class.  MEME (Bailey et al., 2009) was used in 
the discriminative mode to detect motifs enriched in the ‘early to intermediate’ set of genes compared to 
the ‘late’ class. A motif with the general pattern 
“[AT][AT][AT][TA]AAAAATGAT[ATG][AG][AC]AAA[AT]” was found in the first class of genes 
with an E-value of 2.1e-151 (Figure 3.6). This motif encompasses the octamer “AAAAATGA”. When we 
searched for the AaV specific octamer motif, we found 47.5% (127 genes) of the ‘early to intermediate’ 
class genes contain this motif with exact match on their upstream, while only 22% (24 genes) of the 
‘genes in the ‘late’ category harbored it in the upstream regions. This evidence strongly indicates that the 
motif detected by MEME likely harbors the early promoter in AaV. A search for late promoter motif in 
the second set of sequence resulted in a highly degenerate motif with a large E-value (3.53e+011) without 






Figure 3.2: Percentage of reads mapped from each sequence library on host and virus genomes. “Other” 
indicates the fraction of reads that could not be mapped at a 95% sequence identity level. Total number of 
reads (in millions) for each library are mentioned on the respective bar graphs. Biological replicates from 




Figure 3.3: Average number of reads mapped from the virus treated samples to AaV genome over time. 
The read counts were rarefied by library size prior averaging. The coefficient of variation for each time 















Figure 3.4: Trend in expression of individual AaV genes over time. The read mapping from each 
timepoint was converted to coverage graphs with a 100bp sliding window. Three replicates from each 
time points were averaged after rarefaction by library size. The two outermost rings represent the forward 








Figure 3.5: Heatmap showing temporal pattern in AaV gene expression. The read mapping data over 
individual genes was hierarchically clustered after 4
th 
root transformation. Expression pattern of genes 






























Figure 3.7: Sequence logo of the motif overrepresented in the ‘late’ class of genes compared to the ‘early 


















Genome-wide read mapping revealed that the expression of different genes had a large 
spatiotemporal variation (Figure 3.4). Only three of the annotated genes from the AaV genome (AaV_004 
& AaV_115 – hypothetical proteins and AaV_336 – leucyl tRNA) were not detected. The two terminal 
DUF285 domain rich regions showed lower variation in expression values compared to other viral genes 
(Figure 3.4). While relative expression of most of the viral genes varied over several orders of magnitude 
during the time course, expression of DUF285 regions stayed within one order of magnitude. As a 
striking contrast, expression of major capsid protein was found to be dramatically high at 21 hour – 
encompassing more than 50% of the virus specific reads and ~6% of the entire libraries at that time point.  
There are 137 genes from AaV which have NCVOG (Yutin et al., 2009) and/or COG (Tatusov et 
al., 2000) assignments, giving insights into their potential function (Appendix, Table 3.2). Based on the 
cluster analysis, we found 7 of 9 annotated viral-methyltransferases to be expressed within the ‘early to 
intermediate’ timeframe – anywhere from 5 min to 6 h. Three  of 4 genes with NCVOG category ‘virion 
structure and morphogenesis’ (AaV_165, 247 and 290) were expressed late – consistent with previous 
observations that genes involved in virus structural components are usually expressed late during 
infection (Fischer et al., 2010, Legendre et al., 2010). The exception was Major capsid protein 
(AaV_096), the major structural component of the virus, which was found to be expressed immediately (5 
min) after infection. Three ubiquitin ligases (AaV_228, 235 and 298) and two proteases (AaV_042, 066) 
were also found to be expressed 5 min post-infection, alongside a number of putative transcription factors 
(Appendix, Table 3.2). As discussed in chapter II, AaV has a number of genes unique among NCLDVs, 
which are putatively acquired by horizontal gene transfer. Among these, three carbohydrate metabolism 
genes (carbohydrate sulfotransferase: AaV_102, glucuronyl hydrolase: AaV_078 and pectate 
lyase:AaV_375) were expressed immediately after infection (Figure 3.5). However, the majority of HGT 
acquired genes were found to be expressed only at or after 6 h (Figure 3.5). Most of the genes with COG 
or NCVOG classifications did not follow a specific temporal pattern, and were distributed in both ‘early 









Global transcriptional remodeling of the virus infected host  
Viral infection induced a dramatic and rapid reprogramming of the host cell, which was reflected in the 
number of Aureococcus genes that were differentially expressed compared to the uninfected culture 
(Figure 3.8). Even at 5-min post infection, we observed 13.36% of the 11,570 genes of Aureococcus were 
differentially expressed, with 412 genes having fold changes of > 1.5 and 588 genes with a fold change < 
-1.5 (FDR p<0.05) (Figure 3.8). With exception of the 1 h time point, the number of genes over or 
underrepresented compared to control showed a tendency to increase over time, with the highest number 
of genes observed to be differentially expressed occurring at the 12 h time point (42.86%).  
The number of differentially expressed host genes was dramatically reduced at 1-h compared to 
other time points: only 82 genes were found to be differentially expressed (Figure 3.8). All of these 
differentially expressed genes showed negative fold-change. Since the general trend of increasing number 
of differentially expressed genes over time did not apply to 1 h time point, it presented an ‘anomaly’ that 
invited further investigation. There were ~9,800 virus reads on average in the three virus-treated 
biological replicates from time-point 1 hour (Figure 3.3), which fits well within the trend of increasing 
viral reads over time. This diminished the possibility of sample mislabeling or other potential sources of 
human errors. An nMDS analysis coupled with a hierarchical clustering using Bray-Curtis similarity 
showed that control and infected samples from 1-hr time-point clustered together and showed > 97.5% 
similarity between the replicates (Figure 3.9), whereas control and treatment suggest that reduced 
instances of changes in expression in the1-h samples had a biological basis. 
A large number of GO categories and KEGG pathways were differentially represented across 
time points, except for at 1 h (Figure 3.10). Notable GO categories that were downregulated in response 
to virus infection included actin, microtubule motor activity, photosynthesis, processes related to fatty 
acid biosynthesis, carbohydrate biosynthesis and transmembrane transport. Overrepresented GO 
categories included mitochondrial membrane, transcription, regulation of oxidoreductase, a wide array of 
methyltransferase activity and protein synthesis related processes (Figure 3.10). Among the 
overrepresented KEGG pathways were ribosome, glutathione and sulfur metabolism, nucleotide excision 
repair and beta-alanine metabolism. Underrepresented KEGG pathways included endocytosis, 
glycosphingolipid biosynthesis, fatty acid biosynthesis, galactose metabolism, autophagy regulation and 
phagosome (Figure 3.10). Both GO and pathway analyses found carbohydrate and lipid biosynthesis were 
underrepresented, while protein synthesis was detected to be overrepresented by both approaches. Even 
though only a few genes were differentially expressed at 1 hour, pathway analysis detected ribosome, 




Figure 3.8: Total number of genes up- and downregulated in the host across different time points 
compared to the healthy cultures. Number of upregulated genes are on positive Y-axis, while number of 











Figure 3.9: nMDS plot of the TMM normalized gene expression data from all replicate samples. The 
circles drawn around the samples denote different level of similarity (90, 95 and 97.5%) among the 











Figure 3.10: Notable GO categories and KEGG pathways over- or underrepresented in the virus treated samples over different time points. The  
overrepresented terms/pathways are shown in orange, while the underrepresented ones are as blue rectangles. 
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Downregulation of photosynthesis related processes upon virus infection 
We observed significant expression reduction in ~20% of the 62 light harvesting complex (LHC) genes in 
Aureococcus as early as 5 min after infection, indicating that the light harvesting capacity of the infected 
cells decreased compared to the healthy culture (Figure 3.11). The number of LHC genes showing 
negative fold-change compared to control increased through the infection time course – reaching >60% 
by 30 min and 6 h. By 12 and 21 h, almost all the 62 LHC genes showed significant negative expression, 
with the exception of 6 genes at 12 h and 2 genes at 21 h that were proportionally increased (Figure 3.11). 
Chloroplast genes encoding proteins for photosystem I and II during the infection (psaA, psaB, psaL, 
psbA, psbC and psbD) were downregulated by 5 min post-infection (Table 3.1). However, some of the 
components of the photosystem II, namely psbA, psbD, psbB, psbD and psbK were found to be 
overrepresented in the later stages of infection (12 and 21 hours) compared to controls. Taken together, 
the data indicate that photosynthetic capacity of the virus infected cells decreased during the early and 
intermediate stage of infection –throughout the light cycle. 
While LHC proteins and photosystem structural proteins were generally underexpressed, we 
found porphyrin biosynthesis related genes to be overrepresented immediately after infection (Figure 
3.10). Although a number of steps in the chlorophyll biosynthesis pathways were overrepresented in the 
virus infected culture leading to increased porphyrin derivatives, the step leading to chlorophyll synthesis 
from chlorophyllide-a had no significant change compared to control. This indicated that porphyrin 
derivatives likely accumulated early in the infected cell, leading to photooxidative damage of different 
cellular components, including chloroplasts (Reinbothe et al., 1996). In contrast, biosynthesis of 
porphyrin was suppressed in the infected cells during the late phase of infection (Figure 3.10). 
Additionally, DNA photolyase activity was found to be downregulated 5 min post-infection (Figure 3.10) 










Figure 3.11: The expression pattern of all the light harvesting complex (LHC) protein encoding genes in 
virus treated Aureococcus cultures compared to the control. Fold changes are Log2 converted. Positive 
fold changes are in red, while negative fold changes are shown in blue. Non-significant (FDR p>0.1) fold 
















 5-min 30-min 1-hr 6-hr 12-hr 21-hr 
Gene FC FDR p FC FDR p FC FDR p FC FDR p FC FDR p FC FDR p 
psaA -1.84 0.00 -1.58 0.00 -1.54 0.05 -1.89 0.00 -1.43 0.00 -1.74 0.00 
psaB -1.74 0.00 -1.30 0.05 -1.47 0.65 -1.28 0.11 1.03 1.00 -1.20 0.59 
psaC -1.06 1.00 -1.91 0.30 -1.80 1.00 1.25 0.74 1.62 0.36 -2.21 0.06 
psaD -1.41 0.88 -1.18 1.00 -1.83 0.86 1.16 0.96 1.28 0.51 -1.20 0.97 
psaJ 1.64 1.00 -2.63 0.74 -6.73 1.00 -1.73 0.96 -1.82 1.00 2.31 0.85 
psaL -2.34 0.00 -1.50 0.09 -1.38 1.00 -1.82 0.00 -1.14 0.41 -1.06 0.99 
psaM 1.00 1.00 -2.81 0.91 -6.72 1.00 1.07 1.00 -1.82 1.00 1.00 1.00 
psbA -1.31 0.09 -1.46 0.00 -1.56 0.17 -1.07 0.79 1.57 0.00 1.51 0.04 
psbB 1.11 0.88 1.68 0.00 -1.02 1.00 1.52 0.00 1.37 0.01 -1.04 0.90 
psbC -1.61 0.00 -1.26 0.08 -1.65 0.11 -1.06 0.93 1.07 0.83 1.08 0.93 
psbD -1.85 0.00 -1.60 0.00 -1.56 0.36 -1.58 0.00 1.24 0.06 1.29 0.06 
psbE -1.37 0.88 -1.11 1.00 -1.21 1.00 -1.40 0.44 1.13 1.00 -1.16 1.00 
psbF -1.33 1.00 -2.63 0.75 -1.14 1.00 -1.50 0.90 2.88 0.22 -2.42 0.70 
psbH -1.57 0.96 -3.14 0.02 -1.78 1.00 -1.23 1.00 -1.07 1.00 -1.55 0.45 
psbI 1.25 0.46 1.73 0.09 -1.37 1.00 -1.36 0.10 -1.23 0.40 -1.14 0.77 
psbJ -1.31 1.00 1.23 1.00 -2.08 1.00 -1.11 1.00 2.13 0.70 2.31 0.85 
psbK 1.16 1.00 -1.17 1.00 -1.56 1.00 -1.04 1.00 1.03 1.00 4.47 0.07 
psbL -1.38 1.00 -1.16 1.00 -3.05 1.00 -1.58 0.83 2.93 0.34 -3.39 0.61 
psbN -3.76 1.00 -1.97 1.00 1.00 1.00 1.06 1.00 -6.52 0.74 3.57 1.00 
psbT -1.35 0.92 -1.29 0.95 -1.13 1.00 1.07 1.00 1.16 1.00 1.44 0.83 
psbV -1.47 0.65 -1.38 0.60 -1.52 1.00 -1.99 0.05 1.40 0.41 1.68 0.26 
psbX -1.05 1.00 1.62 0.79 3.50 1.00 -1.31 0.91 3.70 0.39 -1.06 1.00 
Table 3.1: Over and underexpressed genes encoding components of photosystem I and II across the 
time course compared to uninfected control. Fold changes (FC) and corresponding FDR p values are 




Changes in selenoproteome expression 
Aureococcus has 59 predicted selenoproteins – the highest reported amongst all eukaryotes (Gobler et al., 
2011). Out of these, 35 showed significant (FDR p<0.1) fold-changes at least at one time point. While a 
high number of selenoproteins were found to be negatively differentially expressed immediately post-
infection, at 12 and 21 h a large number of selenoproteins showed increased expression relative to 
controls (Figure 3.12). In accordance with this large scale overrepresentation of selenoproteome, 
selenocysteine (Sec) methyltransferase activity was found to be overrepresented in the infected culture 
during the last three time points (Figure 3.10). Sec-methyltransferase plays an important role in removing 
the toxic effect of higher levels of selenium in plants (Neuhierl & Bock, 1996). Additionally, O-
phosphoseryl-tRNA(Sec) selenium transferase, a gene involved in producing selenocysteinyl-tRNA from 
L-seryl-tRNA(Sec) was also found to be overexpressed (Figure 3.13). Cystathionine beta-lyase and Sec 
lyase, two genes involved in conversion of Sec into methionine and alanine, also showed increased 
expression compared to control (Figure 3.13). Although no known selenium transporter has been 
characterized in Aureococcus, it is known that opportunistic transport of selenium using phosphate 
transporters might be a common mechanism in plants, fungi and algae (Lazard et al., 2010). Aureococcus 
has six annotated phosphate transporters. Among these, either 3or 4 of the transporters showed significant 
positive differential expression at 12 h and 21 h, respectively, during infection (Figure 3.14). Five of the 
overexpressed selenoprotein genes were methionine sulfoxide reductases (Figure 3.12), genes involved in 
reversing the oxidation of methionine by reactive oxygen species (ROS), thereby repairing the oxidative 
damage in proteins (Moskovitz, 2005). Three copies of glutathione peroxidases were also overexpressed 
compared to control, which are crucial in reducing H2O2 or organic hydroperoxides, thereby minimizing 
oxidative damage to cellular components (Ursini et al., 1995). Another selenoprotein, dehydroascorbate 
reductase, which is involved in recycling of ascorbate, was overexpressed. Sel U and Sel H, two 
selenoproteins involved in redox functions and Sep15, a transcript whose product is involved in protein 
folding in endoplasmic reticulum (Labunskyy et al., 2009) were overexpressed in the late stage of virus 
infection (Figure 3.12). Interestingly, recombinant Sel H has demonstrated significant glutathione 
peroxidase activity in human breast cancer cell line (LLC1) (Novoselov et al., 2007). A number of redox 
active proteins not incorporating selenium were also overexpressed during the last two time points. This 
includes a copy of Cu-Zn superoxide dismutase (Aurandraft_59136), which dismutates superoxide anion 
(O2
-






Figure 3.12: The expression pattern of 35 selenoproteins in Aureococcus showing significant fold change 
(FDR p<0.1) in the virus infected culture at least at one time point. The significant fold changes are 




Figure 3.13: KEGG pathway “Selenocompound metabolism” with Aureococcus gene mapped on it. 
Enzyme coding genes having homologs in Aureococcus genome are denoted in green. The expression 
pattern of these genes (Log2 fold change) compared to the control are presented in the heatmap. 




















Increased polyamine biosynthesis 
Data exploration using GO analysis revealed an overrepresentation of spermidine synthase 
activity at 6 h post infection. Ornithine decarboxylase converts L-ornithine to putrescine, which is further 
converted to spermidine by spermidine synthase. Aureococcus homologs of ornithine decarboxylase and 
spermidine synthase were found to be up-regulated in the virus-infected culture from 6 h onwards (Figure 
3.15). Additionally, a homolog of N-carbamoylputrescine amydase (Aurandraft_59241) was also found to 
be upregulated during this time. This suggests that cellular spermidine and putrescine pools increased 
during the intermediate and late phase of infection. 
Discussion 
Transcriptional landscape of AaV 
This study provides initial insight into the gene expression dynamics of an algal virus in the Mimiviridae 
(proposed ‘Megaviridae’) clade (Santini et al., 2013). AaV has a 21-30 h infection cycle, with free virus 
production observable by 21 hours post-infection, which steadily increases over time (Brown & Bidle, 
2014).  As might be anticipated a high coefficient of variation existed within replicates for the samples 
from the early time points ,  indicative of the  rapid temporal changes in gene expression that occur at the 
beginning of the infection process (Figure 3.3). Viral reads appeared within the host cell as early as 5 min 
– indicating a rapid modulation of host cellular processes directed towards transcribing the viral mRNAs 
(Figure 3.4). Fast transcription of viral genes was also observed in Chlorella virus PBCV-1 transcriptome, 
where viral transcripts were detected 7 min post-infection (Blanc et al., 2014). It has been demonstrated 
that for Mimivirus (Legendre et al., 2010), Cafeteria roenbergensis virus (Fischer et al., 2010) and PBCV-
1 (Blanc et al., 2014), almost all the genes are detected during the course of infection. AaV is not an 
exception as only three genes did not have detectable expression by end of the infection cycle. However, 
it is possible that expression of these genes could not be detected owing to lack of sequencing depth.  An 
interesting observation was the low expression level of the terminal DUF285 domain containing genes 
compared to other viral genes across all the time points. The regulatory mechanism behind the low 
expression dynamics of these genes is unknown – however, the role of methylation or binding of specific 








Figure 3.15: Spermidine biosynthesis pathway in Aureococcus. The expression changes (Log2 fold 
change) compared to control are presented as heatmaps for each of the genes at right side of the pathway. 














We investigated the association of any particular promoter sequences with the temporal pattern of 
gene expression in AaV. The putative AaV early promoter includes an octamer ‘ ‘AAAAATGA’ (Figure 
3.6), which is similar to the reported Mimivirus and Cafeteria roenbergensis virus early promoter motif 
“AAAATTGA” (Fischer et al., 2010, Legendre et al., 2010), with only one mismatch (at the fifth 
position). In contrast, AaV early promoter motif was not similar to that of algal virus PBCV-1, which is a 
member of Phycodnaviridae. This could indicate some degree of evolutionary conservation of the early 
promoter motif across the Mimiviridae clade. Analyzing the genome sequences of other Mimiviridae 
members might provide further support to this observation. 
Giant viruses contain a diverse array of genes and even functional proteins (e.g. (e.g., Fischer et 
al., 2014)) within their capsids, which they use to transform their host’s cellular environment. In case of 
AaV, the immediately expressed genes included both proteases and ubiquitin ligases, which possibly 
participate in degrading the host proteins. Several transcription factors and RNA polymerase subunits 
were also expressed at the same time, which likely allowed transcription of the virus genes independent of 
the host apparatus (Appendix, Table 3.2). Interestingly, two of these HGT acquired genes are involved in 
carbohydrate metabolism (one a paralog of pectate lyase, and the second an unsaturated glucuronyl 
hydrolase) were expressed at 5 min. It is known that unsaturated glucuronyl hydrolases  remove the 
terminal unsaturated sugar from the oligosaccharide products released by polysaccharide lyases (Jongkees 
& Withers, 2011). Healthy Aureococcus cells are surrounded by a fibrous glycocalyx, which is absent 
from the virus infected cells (Gastrich et al., 1998): it is thus compelling to speculate that the role of viral 
polysaccharide lyase and glucuronyl hydrolase during infection is to make the cell membrane accessible 
for virus attachment. A large number of virus and host proteins are packaged into the capsid of CroV 
(Fischer et al., 2014) and Mimivirus (Renesto et al., 2006). Future proteomic analyses of AaV will be 
necessary to find if any of the proteins could be involved in degrading the extracellular matrix of the cell 
and other infection associated processes. 
The Aureococcus ‘virocell’ – transcriptional remodeling upon virus infection 
A surprising outcome of this study was the rapid transcriptional response of the host after virus 
infection, indicating several possibilities (Figure 3.8). In one way, a part of the differentially expressed  
gene pool might reflect host defense response to virus attack. In other way, they might include genes that 
are rapidly manipulated by the virus to transform the cellular environment in favor of virus propagation. 
This rapid change at transcription level perhaps represents how the transformation of a healthy cell into a 
‘virocell’ is initiated. ‘Virocell’ is an interesting concept which emphasizes the fact that a microorganism 
infected by virus operate very differently from a healthy co-existing cell at a molecular level (Forterre, 
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2011). Our study provides a peak into the processes relevant to the Aureococcus virocell. Very little 
information concerning the molecular events associated with AaV infection of Aureococcus is available. 
For this reason, we first explored the cellular processes affected in the host using Gene Ontology (GO) 
(Harris et al., 2004) and KEGG pathway (Kanehisa & Goto, 2000) enrichment analysis. Individual genes 
are involved in multiple pathways, which is why applying FDR corrected p-value might be too stringent 
for such pathway analysis, missing important changes. Additionally, GO analysis using a fold-change cut-
off will also reduce power to detect particular processes which were differentially regulated across all or 
several time-points at a reduced, yet significant expression level than the imposed cut-off. Nevertheless, 
these analyses provided the first look into the molecular machineries and metabolism of Aureococcus 
affected in response to virus infection. It also helped us to detect interesting processes relevant to virus 
infection and carry out detailed investigation on them across all the time points. 
Aureococcus has a large number of nucleus-encoded light harvesting complex (LHC) proteins, 
which augment the photosynthetic reaction center in collecting light energy, compared to the competing 
phytoplankton (Gobler et al., 2011). It is known that lower light level can delay the virus-mediated lysis 
of Aureococcus, and photosynthetic efficiency is not significantly different between infected and non-
infected cultures at least within 24 hours of infection (Gobler et al., 2007). However, the molecular basis 
of how virus infection can influence the host photosynthetic capacity is largely unknown. Immediately 
after infection, transcript levels of photosynthesis related processes went down relative to control, with 
increasing number of LHC proteins being downregulated as infection progressed (Figure 3.11). AaV 
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) incubated culture, which took 3 days to be reduced to similar concentration 
(Gobler et al., 2007). Downregulation of photosynthesis was also observed in Chlorella upon infection 
with PBCV-1 (Seaton et al., 1995) and Heterosigma akashiwo infected by both RNA and DNA viruses 
(Philippe et al., 2003). Photosynthesis was found to be downregulated in a wide range of plants in 
response to pathogen invasion (e.g., virus and bacteria) (Bilgin et al., 2010) and was suggested to be an 
adaptive response to biotic attack. It is important to mention that downregulation of gene expression 
doesn’t necessarily mean immediate loss of function – specifically, the proteins involved in light reaction 
might have a long functional lifetime (Bilgin et al., 2010). Thereby, the actual effect of immediate 
downregulation of photosynthesis gene expression on viral attack remains to be elucidated. It was 
proposed that slow turnover of many photosynthesis related proteins allows the host to redirect resources 
for immediate defense mechanisms without dramatically reducing its photosynthetic capacity (Bilgin et 
al., 2010). High light requirement of the virus and Aureococcus’s capacity to grow in a low light 
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environment might itself act as a natural defense mechanism at the community level, where delayed virus 
production might eventually lead to fewer host-virus contacts and subsequent infection. 
Porphyrin derivatives are precursors of chlorophyll biosynthesis in photosynthetic organisms. We 
observed an upregulation of porphyrin biosynthesis (Figure 3.10) with no significant change in expression 
of the gene involved in formation of chlorophyll as end-products from these chlorophyll precursors. In 
photosynthetic organisms, different chlorophyll precursors are formed as part of its biosynthetic pathway. 
However, accumulation of such precursors, especially protoporphyrin IX, can lead to photosensitivity 
(Inagaki et al., 2015). Unbound chlorophyll and other porphyrin precursors can absorb light energy and 
produce oxygen radicals inside the cell. It was also demonstrated that various porphyrin derivatives might 
have broad antiviral activity –however, the activity  was mostly extracellular. For example, an alkylated 
porphyrin (chlorophillide) was found to cause damage to the hepatitis B-virus capsid (Guo et al., 2011), 
leading to loss of virion DNA. Thus, increased porphyrin level might increase the oxidative stress, 
making the cellular environment hostile for the invading viral components (Mock et al., 1998). This 
observation is in contrast with EhV infected E. huxleyi cells, where no oxidative burst could be detected 
immediately after infection (Evans et al., 2006). In the infected Aureococcus cultures, we also noticed 
downregulation of DNA photolyase activity (Figure 3.10). Together, porphyrin upregulation and 
concomitant downregulation of DNA photolyase might work as one of the first lines of host defense – an 
oxidative intracellular environment with a suppression of DNA repair activity. Recently, photolyase was 
reported to be part of CroV proteome (Fischer et al., 2014). It was also found that majority of the 
packaged proteins, including photolyase, were late proteins (Fischer et al., 2014). Interestingly, a 
photolyase is also encoded into AaV genome, which was found to be expressed late (12 h post-infection). 
It is possible that proteins involved in subversion of host defense are also packaged in AaV.  
The majority of the selenoproteins characterized to date have redox-active functions; however, they can 
also have a wide range of biological roles (Labunskyy et al., 2014). Some viruses can encode Sec 
containing proteins, with bioinformatics evidence provided for several mammalian viruses (Taylor et al., 
1997): indeed a Sec-containing glutathione peroxidase experimentally characterized in HIV-1 (Zhao et 
al., 2000). Given the unrivaled compendium of Aureococcus selenoproteins within the eukaryotic domain, 
we were interested in how the expressions of these proteins would be modulated by AaV infection and 
their possible role in virus propagation. The results provide insights on at least two key aspects that are 
altered in the Aureococcus virocell compared to a healthy cell – the cellular redox status and Sec 
requirement. Aureococcus shows a sigmoidal increase in growth rate in response to increasing selenium 
concentration in culture, while anthropogenic enrichment of selenium in the coastal water was suggested 
to enhance its growth, especially during the peak of the blooms (Gobler et al, 2013). Our study indicates 
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that a number of upregulated selenoproteins are possibly involved in viral protein synthesis and 
preventing oxidation of these viral proteins, especially during the late phase of infection (Figure 3.12). It 
has been demonstrated that Sec-containing methionine sulfoxide reductases (MSR) are efficient, showing 
10-50 fold higher enzymatic activity compared to the Cys-contatining MSRs (Kim et al., 2006). 
Additionally, selenoproteins deemed crucial in regulating the redox state of the cells (e.g., glutathione 
peroxidase and dehydroascorbate reductase) were also overrepresented during infection. The cellular pro-
/antioxidant balance is a highly complex process, involving a cascade of enzymatic activity and 
interconnected pathways. As was aptly put by Schwarz (1996), “it is difficult to distinguish between 
association and causation as well as between primary and secondary effects of a given virus on ROS 
mediated cellular injury.” In EhV, redox regulation of cellular environment was found to be crucial for 
viral replication. Observations from transcriptome data coupled to targeted experiments revealed an 
elevated production of Glutathione (GSH) along with H2O2 accumulation at the end of the infection - 
which was suggested to play a role in apoptosis and viral release (Sheyn et al., 2016).  While in AaV, we 
observed upregulation of a superoxide dismutase homolog, suggesting accumulation of H202 (no catalase 
is annotated in Aureococcus genome), no further inference can be made on its role without targeted 
experiments. However, upregulation of a large number of selenoproteins involved in protein damage 
repair, folding and other redox functions can indeed be interpreted as a response to increase in cellular 
oxidative stress under which viral protein synthesis and assembly were likely progressing. Additionally, 
increase in Sec biosynthesis, its conversion to other amino acids (Figure 3.13) and sec-methyltransferase 
activity point to the possibility of increased requirement of selenium for the infected cells. Data on effect 
of selenium deficiency on virus infection is scarce. A study linked selenium deficiency to genomic 
changes in coxackievirus B3, suggesting such changes could result from the lack of antioxidant effect 
exerted by selenium (Beck et al., 1995). Investigating the effect of selenium deficiency on AaV and other 
algal virus replication might reveal interesting findings in this regard.  
The role and fate of actin cytoskeleton upon invasion by diverse viruses has been extensively 
researched (Cudmore et al., 1997).  Viral subversion of actin cytoskeleton can be implicated in diverse 
processes - a few of which are  viral surfing of cell surface, internalization, nuclear localization and even 
disseminasion from the host cell (Spear & Wu, 2014). However, the role of actin cytoskeleton in giant 
virus replication is largely unknown.  It was demonstrated that actin suppressing drugs had no negative 
effect on Chlorella virus replication even at a concentration that is inhibitory to host cell growth (Nietfeldt 
et al., 1992). Mimivirus and poxviruses produce distinct viral factories in the cytoplasm and the viral 
genome do not enter the host nucleus (Mutsafi et al., 2010). In contrast, the large DNA genome of 
phycodnavirus (including Chlorella viruses) (Yamada et al., 2006), iridoviruses (Williams et al., 
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2005) and asfarviruses (Eulálio et al., 2007)  are trafficked into the host nucleus after entry into the 
cytoplasm. However, the dense meshwork generated by actin cytoskeleton imposes a significant barrier to 
this transport process (Dauty & Verkman, 2005). In the ultrastructure of AaV infected Aureococcus cells, 
we could not locate any feature that can be likened to 'virus factories' (although no molecular evidence is 
available yet) (Gastrich et al., 1998, Gastrich et al., 2002). It is possible that suppression of actin 
cytoskeleton can facilitate the trafficking of AaV genome into the nucleus and might also explain why 
Chlorella virus replication is not affected by cytoskeleton disruptive drugs. A question that emerges from 
these observations is whether cytoskeleton suppression is a common feature of giant viruses whose 
replication involves trafficking of the genome into host nucleus. 
 
Cellular polyamines can also have imporant roles during virus infection, which can range 
anywhere from facilitating the virus replication to mediating virus resistance (Walters, 2003). The 
possible role of polyamines in propagation of several viruses (Raina et al., 1981, Baumann et al., 2007) 
has been previously noted.  In some viruses, polyamines are packaged into the capsid where they can 
function as cations to neutralize the negative charges of the phosphate groups of nucleic acid (Gibson & 
Roizman, 1971). Interestingly, Chlorella virus PBCV-1, NY-2A and MT325 encode a complete 
polyamine biosynthetic pathway in their genomes, enabling them to synthesize homospermidine and 
putrescine (Baumann et al., 2007).  While no polyamine biosynthesis genes could be located on AaV 
genome, upregulation of host polyamine biosynthesis alongside adoption of polyamine sysnthesis genes 




Host virus interactions at nanoscale eventually shape ecosystem processes at geographical scales. 
Resolving the molecular aspects of ecologically relevant host-virus interactions is critical to understand 
the role of viruses in the biogeochemical processes. In this study, we gleaned insights into the 
transcriptomic response of a harmful alga upon infection by a giant virus. The ultimate fate of a cell going 
through lytic infection is to produce progeny viruses, which is accomplished through a completely 
different transcriptomic and metabolic trajectory relative to a healthy cell. The most likely outcome of this 
massive transcriptional response is a reprogrammed metabolic profile - specific metabolites might 
regulate viral replication and might be incorporated in the virion particles. The altered virocell 
metabolism might even influence large scale ecological processes; for example, differential uptake or 
release of specific compounds by virocells might alter the nutrient dynamics, thereby affecting the 
coexisting microbial communities. This study will help generate new hypotheses regarding individual 
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metabolic or regulatory processes that might have important biogeochemical consequences, and perhaps 
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Chapter III Appendix 
 
Table 3.2: AaV genes with COG/NCVOG assignments and time point when their expressions were first observed. Genes with no COG/NCVOG 
assignments are not shown. 
Gene 





DNA directed RNA polymerase 
largest subunit 0086 (Transcription) 0274 (Transcription and RNA processing) 5 min 
AaV_193 
DNA directed RNA polymerase II 
subunit rpb3 0202 (Transcription) 
0635 (RNA_polymerase,Transcription and RNA 
processing) 5 min 
AaV_124 NAD dependent DNA ligase 0272 (DNA replication, recombination & repair) 0035 (DNA replication, recombination & repair) 5 min 
AaV_042 Putative Lon protease 
0466 (Posttranslational modification, protein 
turnover, chaperones) 0228 (Other metabolic functions) 5 min 
AaV_084 Topoisomerase Type IA 0550  (DNA replication, recombination & repair) 0033 (DNA replication, recombination & repair) 5 min 
AaV_088 Putative DNA topoisomerase IA 0550 (DNA replication, recombination & repair) 0036 (DNA replication, recombination & repair) 5 min 
AaV_235 
Putative Helicase/ E3 Ubiquitin 
Ligase 
0553 (Transcription/DNA 
replication,recombination,repair) 0330 (Signal transduction regulation) 5 min 
AaV_318 
Putative deoxyuridine 5'_triphosphate 
nucleotidohydrolase  (dUTPase) 0756 (Nucleotide transport and metabolism) 1068 (Nucleotide metabolism) 5 min 
AaV_306 
Putative ABC-transporter family 
protein 1132 (Defense mechanisms) 0002 (Miscellaneous) 5 min 
AaV_203 Transcription factor TF IIB 1405 (Transcription) 1127 (Transcription and RNA processing) 5 min 
AaV_381 
Transcription Elongation factor 
TFIIS/DNA directed RNA 
polymerase subunit M 1594 (Transcription) 0272 (Transcription and RNA processing) 5 min 
AaV_308 Putative bZIP transcription factor 1792 (Cell envelope biogenesis, outer membrane) - 5 min 
AaV_375 Putative pectate lyase 3866 (Carbohydrate transport and metabolism) - 5 min 
AaV_078 
Family 88 Glycosyl Hydrolase 
(Unsaturated Glucuronyl hydrolase) 4225 (General function prediction only) - 5 min 
AaV_066 SUMO-1 specific cysteine protease 
5160 (Posttranslational modification, protein 
turnover, chaperones) 0246 (Other metabolic functions) 5 min 
AaV_380 
Putative Zinc finger domain 
containing protein 
5189 (Transcription / Cell division and 
chromosome partitioning) 0072 (DNA replication, recombination & repair) 5 min 
AaV_118 
Translation elongation factor EF-1 
alpha 
5256 (Translation, ribosomal structure and 
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Gene 




AaV_075 Class I DNA binding Protein 5648 (Chromatin structure and dynamics) 0071 (Miscellaneous) 5 min 
AaV_274 Beta-1,4 Galactosyltransferase - 0044 (Other metabolic functions) 5 min 
AaV_228 
C3HC4 domain containing E3 
ubiquitin ligase - 0330 (Signal transduction regulation) 5 min 
AaV_292 C3HC4 type  E3 Ubiquitin ligase  - 0330 (Signal transduction regulation) 5 min 
AaV_151 Hypothetical protein - 1278 (Uncharacterized) 5 min 
AaV_246 Hypothetical protein  - 0632 (Uncharacterized) 5 min 
AaV_179 Hypothetical protein  - 1137 (Uncharacterized) 5 min 
AaV_211 mRNA capping Enzyme - 1117 (Transcription and RNA processing) 5 min 
AaV_269 
Putative ATP-dependent RNA 
helicase - 0031 (DNA replication, recombination & repair) 5 min 
AaV_096 Putative Capsid protein  - 0022 (Virion structure and morphogenesis) 5 min 
AaV_316 Putative CMP/dCMP deaminase - 1064 (Other metabolic functions) 5 min 
AaV_024 
Putative Concanavalin A-like 
lectin/glucanase superfamily protein - 0107 (Uncharacterized) 5 min 
AaV_329 
Putative DNA polymerase III subunit 
alpha (partial) - 0420 (Uncharacterized) 5 min 
AaV_097 Putative HNH endonuclease - 0072 (DNA replication, recombination & repair) 5 min 
AaV_159 Putative lambda-type exonuclease - 1192 (DNA replication, recombination & repair) 5 min 
AaV_117 
Putative TATA-box binding family 
protein.  - 0313 (DNA replication, recombination & repair) 5 min 
AaV_361 
Putative VLTF-3 like Transcription 
Factor - 0262 (Transcription and RNA processing) 5 min 
AaV_112 
Type II DNA modification methyl 
transferase - 0234 (Other metabolic functions) 5 min 
AaV_141 B family DNA polymerase 0417 (DNA replication, recombination & repair) 0038 (DNA replication, recombination & repair) 30 min 
AaV_192 Putative glycosyltransferase 0438 (Cell envelope biogenesis, outer membrane) 0067 (Other metabolic functions) 30 min 
AaV_043 
Small conductance mechanosensetive 
channel  0668 (Cell envelope biogenesis, outer membrane) - 30 min 
AaV_368 Putative Histone acetyl transferase 
1243 (Transcription/Chromatin structure and 
dynamics) - 30 min 
AaV_288 
Putative SAM dependent 
methyltransferase 2227 (Coenzyme metabolism) 1191 (Other metabolic functions) 30 min 
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AaV_175 Conserved hypothetical protein - 1216 (Uncharacterized) 30 min 
AaV_142 DnaJ/Heat shock protein 40 - 0046 (Miscellaneous) 30 min 
AaV_214 Hypothetical protein - 0645 (Uncharacterized) 30 min 
AaV_249 Hypothetical protein  - 1343 (Miscellaneous) 30 min 
AaV_153 
Putative Ion channel domain 
containing protein - 1344 (Other metabolic functions) 30 min 
AaV_134 
Putative VLTF2 like transcription 
factor - 1164 (Transcription and RNA processing) 30 min 
AaV_293 DNA topoisomerase type IIA 0187 (DNA replication, recombination & repair) 0037 (DNA replication, recombination & repair) 1 hr 
AaV_054 Thymidylate synthase 0207 (Nucleotide transport and metabolism) 1136(Nucleotide metabolism) 1 hr 
AaV_109 
Ribonucleoside di phosphate 
reductase alpha subunit 0209 (Nucleotide transport and metabolism) 1353 (Nucleotide metabolism) 1 hr 
AaV_208 Protein Disulfide isomerase 
0526 (Posttranslational modification, protein 
turnover, chaperones) 0317 (Other metabolic functions) 1 hr 
AaV_079 
Putative Exoribonuclease 
(Ribonuclease R) 0557 (Transcription) - 1 hr 
AaV_077 Rhomboid family Serine protease 0705 (Amino acid metabolism) - 1 hr 
AaV_324 
Putative type II DNA 
methyltransferase 
2263 (Translation, ribosomal structure and 
biogenesis) 0234 (Other metabolic functions) 1 hr 
AaV_357  SCF ubiquitin ligase 
5201 (Posttranslational modification, protein 
turnover, chaperones) 1299 (Other metabolic functions) 1 hr 
AaV_232 Hypothetical protein - 1131 (Uncharacterized) 1 hr 
AaV_200 Hypothetical protein  - 1423 (Uncharacterized) 1 hr 
AaV_113 
Putative adenine specific DNA 
methyltransferase - 0234 (Other metabolic functions 1 hr 
AaV_226 Putative D5 Primase/Helicase - 0023 (DNA replication, recombination & repair) 1 hr 
AaV_201 Putative Holliday junction resolvase - 0278 (DNA replication, recombination & repair) 1 hr 
AaV_242 
DNA directed RNA polymerase II 
largest subunit 0086 (Transcription) 0274 (Transcription and RNA processing) 6 hr 
AaV_244 Ribonulease HII 0164 (DNA replication, recombination & repair) - 6 hr 
AaV_171 
DNA mismatch repair ATPase 
(MutS) 0249 (DNA replication, recombination & repair) 0105 (DNA replication, recombination & repair) 6 hr 
AaV_322 
Cytosine-C5 specific DNA methyl 
transferase 0270 (DNA replication, recombination & repair) 1066 (Nucleotide metabolism) 6 hr 
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Putative N6 Adenine specific DNA 
methyltransferase 0286 (Defense mechanisms) 0234 (Other metabolic functions) 6 hr 
AaV_282 Putative DNA repairing ATPase 0419 (DNA replication, recombination & repair) 0308 (DNA replication, recombination & repair) 6 hr 
AaV_234 
Nucleoside diphosphate hydrolase 
(MutT) 
0494 (DNA replication, recombination, & repair / 
General function prediction only) 0236 (Transcription and RNA processing) 6 hr 
AaV_173 
Nucleoside diphosphate hydrolase 
(MutT)  
0494 (DNA replication, recombination, & repair / 
General function prediction only) 0236 (Transcription and RNA processing) 6 hr 
AaV_076 RNA polymerase sigma factor 70 0568 (Transcription) - 6 hr 
AaV_065 Proliferating cell nuclear antigen  0592 (DNA replication, recombination & repair) 0241 (DNA replication, recombination & repair) 6 hr 
AaV_071 
Cyclophilin type peptydyl-prolyl cis-
trans isomerase 
0652 (Posttranslational modification, protein 
turnover, chaperones) 0711 (Other metabolic functions) 6 hr 
AaV_128 DNA (cytosine-5) methyltransferase 0863  (DNA replication, recombination & repair) - 6 hr 
AaV_271 RNA polymerase subunit Rpb10 1644 (Transcription) 1368 (Transcription and RNA processing) 6 hr 
AaV_044 DNA polymerase X family protein  1796 (DNA replication, recombination & repair) 004 (DNA replication, recombination & repair) 6 hr 
AaV_094 Putative deoxycytidylate deaminase 2131 (Nucleotide transport and metabolism) 1064 (Other metabolic functions) 6 hr 
AaV_372 Putative Phaeophorbide a Oxygenase 2146 (Inorganic ion transport and metabolism / General function prediction only) 6 hr 
AaV_378 Glycosyl Transferase family 25 3306 (Cell envelope biogenesis, outer membrane) 1198 (Other metabolic functions) 6 hr 
AaV_323 D5-ATPase-Helicase 3378 (General function prediction only) 0023 (DNA replication, recombination & repair) 6 hr 
AaV_038 Putative Pectate Lyase 3866 (Carbohydrate transport and metabolism) - 6 hr 
AaV_099 
Putative Polynucleotide-kinase-3 
phosphatase 4088 (Nucleotide transport and metabolism) 0243 (Other metabolic functions) 6 hr 
AaV_030 Putative Superfamily II RNA helicase 4581 (DNA replication, recombination & repair) 0030 (DNA replication, recombination & repair) 6 hr 
AaV_174 
DNA directed RNA polymerase K 
subunit/rpb6 - 0522 (Transcription and RNA processing) 6 hr 
AaV_383 
fucosylgalactoside 3-alpha-
galactosyltransferase - 0059 (Uncharacterized) 6 hr 
AaV_126 Hypothetical protein - 0842 (Uncharacterized) 6 hr 
AaV_223 Hypothetical protein - 
1024 (Uncharacterized) (exclusive to iridoviruses, this 
virus also have this) 6 hr 
AaV_186 Hypothetical protein - 1129 (Uncharacterized) 6 hr 
AaV_303 
Oxogluterate/Iron dependent 




Table 3.2 Continued. 
Gene 




AaV_073 Putative DEADDEAh box helicase - 0032 (DNA replication, recombination & repair) 6 hr 
AaV_209 
Putative thioredoxin like fold 
containing protein - 0629 (Uncharacterized) 6 hr 
AaV_255 
Undecaprenyl pyrophosphate 
synthase 0020 (Lipid metabolism) - 12 hr 
AaV_222 RNA polymerase beta subunit 0085 (Transcription) 0271 (Transcription and RNA processing) 12 hr 
AaV_132 
Ribonucleotide reductase small 
subunit 0208 (Nucleotide transport and metabolism) 0276 (Nucleotide metabolism) 12 hr 
AaV_110 
Eukaryotic Translation Elongation 
factor 5A 
0231 (Translation, ribosomal structure and 
biogenesis) - 12 hr 
AaV_241 Ribonuclease H 0258 (DNA replication, recombination & repair) - 12 hr 
AaV_125 Putative ribonuclease H1 0328 (DNA replication, recombination & repair) 1352(DNA replication, recombination & repair) 12 hr 
AaV_373 UbiA Prenyltransferase 0382 (Coenzyme metabolism) - 12 hr 
AaV_093 Putative Cytosine Deaminase 
0402 (Nucleotide transport and metabolism / 
General function prediction only) - 12 hr 
AaV_082 Putative DNA photolyase class II 0415 (DNA replication, recombination & repair) 1004 (Other metabolic functions) 12 hr 
AaV_170 Putative Deoxynucleoside kinase 
0480 (Translation, ribosomal structure and 
biogenesis) 
1067 (Nucleoside/Nucleotide_kinase,Nucleotide 
metabolism) 12 hr 
AaV_178 Serine threonine protein phosphatase 0639 (Signal transduction mechanisms) 0995 (Uncharacterized). Renized by deltablast 12 hr 
AaV_367 Putative RNA methylase 0742 (DNA repilcation, recombination & repair) 0564 (Other metabolic functions) 12 hr 
AaV_315 
Putative DNA polymerase epsilon 
subunit 0847 (DNA replication, recombination & repair) 0047 (DNA replication, recombination & repair) 12 hr 
AaV_180 Putative VV D6R-type Helicase 
1061 (Transcription / DNA replication, 
recombination, & repair) 0031 (DNA replication, recombination & repair) 12 hr 
AaV_130 VV_A18 like Helicase 
1061 (Transcription/DNA 
replication,recombination,repair) 0076 (DNA replication, recombination & repair) 12 hr 
AaV_261 
Putative HD superfamily 
phosphohydrolase 1078 (General function prediction only) 0603 (Uncharacterized) 12 hr 
AaV_311 Superfamily I Helicase 1112 (DNA replication, recombination & repair) - 12 hr 
AaV_210 
Phosphate starvation-inducible 
protein PhoH 1702 (Signal transduction mechanisms) - 12 hr 
AaV_215 
Crossover junction endonuclease 
Mus81 1948 (DNA replication, recombination & repair) - 12 hr 
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S-adenosyl L-methionine dependent 
Methyltransferase 2226 (Coenzyme metabolism) 1191 (Other metabolic functions) 12 hr 
AaV_034 Replication factor C subunit 2 2256 (DNA replication, recombination & repair) 1351 (DNA replication, recombination & repair) 12 hr 
AaV_036 
Oxogluterate/Iron dependent 
dioxygenase 3128 (Function unknown) 1166 (Other metabolic functions) 12 hr 
AaV_359 family 25 Glycosyltransferase 3306(Cell envelope biogenesis, outer membrane) 0068 (Other metabolic functions) 12 hr 
AaV_111 Class 3 Lipase 3675 (Lipid metabolism) 0225 (Other metabolic functions).  12 hr 
AaV_003 Putate pectate lyase 3866 (Carbohydrate transport and metabolism) - 12 hr 
AaV_290 ERV/ALR sulphydryl oxidase 
5054 (Posttranslational modification, protein 
turnover, chaperones) 0052 (Virion structure and morphogenesis) 12 hr 
AaV_152 
C3H2C3-type E3 Ubiquitin 
ligase/RING-H2 finger protein 
5194 (Posttranslational modification, protein 
turnover, chaperones) 0330 (Signal transduction and regulation) 12 hr 
AaV_298 
DNA directed RNA polymerase 
subunit rpb9/M - 0521 (Uncharacterized) 12 hr 
AaV_307 DnaJ/Heat shock protein 40 - 0046 (Miscellaneous) 12 hr 
AaV_250 Hypothetical protein - 0628 (Uncharacterized) 12 hr 
AaV_328 Hypothetical protein - 1083 (Uncharacterized) 12 hr 
AaV_243 Hypothetical protein - 1278 (Uncharacterized) 12 hr 
AaV_239 Hypothetical protein - 1343 (Miscellaneous) 12 hr 
AaV_116 Hypothetical protein  - 0158 (Uncharacterized) 12 hr 
AaV_074 Hypothetical protein  - 0329 (Other metabolic functions) 12 hr 
AaV_330 Hypothetical protein  - 1012 (Uncharacterized) 12 hr 
AaV_265 Hypothetical protein  - 1343 (Miscellaneous) 12 hr 
AaV_285 Hypothetical protein  - 1343 (Miscellaneous) 12 hr 
AaV_247 Putative Capsid protein 2 - 0022 (Virion structure and morphogenesis) 12 hr 
AaV_386 
Putative Concanavalin A-like 
lectin/glucanase superfamily protein - 0108 (Uncharacterized) 12 hr 
AaV_158 Putative metal dependent hydrolase - 1120 (Metallopeptidase) 12 hr 
AaV_190 
Putative Serine threonine protein 
kinase haspin - 0285 (Signal transduction regulation).  12 hr 
AaV_233 Replication factor C small subunit 2 - 0001 (DNA replication, recombination & repair) 12 hr 
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AaV_227 Replication factor C subunit - 0071 (Miscellaneous) 12 hr 
AaV_002 
RNA polymerase II second largest 
subunit 0085 (Transcription) 0271 (Transcription and RNA processing) 21 hr 
AaV_253 
RNA polymerase Rpb5, C-terminal 




5201 (Posttranslational modification, protein 
turnover, chaperones) 1299 (Other metabolic functions) 21 hr 
AaV_165 
Putative A32 Virion packaging 
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Many giant dsDNA algal viruses share a common ancestor with Mimivirus – one of the largest viruses, in 
terms of genetic content. Together, these viruses form the proposed ‘Megaviridae’ clade of 
Nucleocytoplasmic Large DNA viruses (NCLDV). To gauge Megaviridae diversity in nature we designed 
degenerate primers targeting the Major Capsid Protein (MCP) genes of algae-infecting viruses within this 
group and probed the clade’s diversity during the course of a brown tide bloom caused by the harmful 
pelagophyte, Aureococcus anophagefferens. We amplified target sequences in water samples from two 
distinct locations (Weesuck Creek and Quantuck Bay, NY) covering twelve weeks concurrent with the 
proliferation and demise of a bloom. In total, 475 amplicons clustered into 145 Operational Taxonomic 
Units (OTUs) at 97% identity. One OTU contained 19 sequences with ≥ 97 % identity to AaV, a member 
of the Megaviridae clade that infects A. anophagefferens, suggesting AaV was present during the bloom. 
Unifrac analysis showed clear temporal patterns in the algal Megaviridae dynamics, with a shift in the 
virus community structure that corresponded to the Aureococcus bloom decline in both the locations. Our 
data provide insights regarding the environmental relevance of algal Megaviridae members and raise 





Nucleocytoplasmic Large DNA viruses (NCLDV) have garnered increased attention from both ecologists 
and evolutionary biologists in the recent years owing to their unprecedented genomic complexity, 
phylogenetic history, and widespread roles in the global biogeochemical cycles. They are ubiquitous in 
the planet’s ecosystem, infecting eukaryotic hosts ranging from metazoans to unicellular algae in 
terrestrial, marine and freshwater systems (Koonin & Yutin, 2001). Of current interest are the NCLDVs 
which infect eukaryotic algae in marine and freshwater ecosystems. Although numerically less abundant 
than cyanobacteria, photosynthetic picoeukaryotes contribute significantly to carbon fixation due to their 
relatively larger size (Li, 1994). For example, at one Pacific Ocean coastal site, picoeukaryotes (cells ≤ 2 
µM) were found to contribute 76% of the net carbon production compared to their cyanobacterial 
counterparts (Worden et al., 2004). In line with this observation, a recent study demonstrated that 
eukaryotes in the size range from 1.8 µM to 2.8 µM can contribute up to 44% of the CO2 fixation in the 
subtropical and tropical northeast Atlantic Ocean (Jardillier et al., 2010).  NCLDVs infecting unicellular 
marine and freshwater eukaryotes are thus likely an important component of the aquatic ecosystem as part 
of the ‘viral shunt’ (Wilhelm & Suttle, 1999). Indeed, as a special case of viral shunt, giant viruses have 
been found to induce episodic mass-scale mortality of algal blooms: the virus-induced demise of large 
scale blooms of the coccolithopore Emiliania huxleyi is a remarkable example of such a phenomenon 
(Wilson et al., 2002, Lehahn et al., 2014). 
Phylogenetic analyses have revealed that NCLDVs share a common ancestor and a set of core 
genes despite their diverse genetic repertoire and host range (Iyer et al., 2006). According to International 
Committee on Taxonomy of Viruses (ICTV) classification, giant viruses infecting algae are classified as 
belonging to the ‘Phycodnaviridae’ family encompassing six distinct genera (Wilson, 2012).  The 
majority of the algal viruses with available complete genomes or partial genetic information form a 
monophyletic cluster congruent to this classification (Wilson, 2012). However, recent studies have shed 
new light and thus demanded re-evaluation of this classification system (Santini et al., 2013). 
Mimiviridae is a clade consisting of NCLDVs infecting non-photosynthetic protists – Acanthamoeba and 
Cafeteria roenbergensis. Interestingly, analysis of the Global Ocean sampling (GOS) metagenomics 
dataset coupled with available DNA polymerase gene sequences of three algal viruses revealed that 
numerous Mimivirus-like sequences probably originated from algal viruses in the ocean (Monier et al., 
2008). This unconventional relationship was further clarified by phylogenetic analyses of two recently 
reported giant algal viruses – PgV 16T, a virus infecting prymnesiophite Phaeocystis globosa (Santini et 
al., 2013) and AaV, a virus infecting the pelagophyte Aureococcus anophagefferens, (Moniruzzaman et 
al., 2014). These studies demonstrated that despite infecting algae, AaV and PgV 16T form a 
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monophyletic cluster within the Mimiviridae.  Several other giant viruses (for which limited genetic 
information is available) infecting algal hosts in the class Prymnesiophyceae (Chrysochromulina virus) 
and Parsinophyceae (Pyramimonas orientalis virus) also cluster in this group. This extended Mimiviridae 
clade was proposed to be named ‘Megaviridae’ based on large genome size and gene conservation 
patterns of the members (Santini et al., 2013). Phylogenetic studies have pointed out that the algal and 
non-algal viruses in the Megaviridae form two distinct sister-clades in phylogenies based on several core 
genes (Yutin et al., 2013, Moniruzzaman et al., 2014).  Inspite of the conflict between molecular 
phylogeny and taxonomical assignments, sufficient conservation of the core genes of the algal viruses 
across both Phycodnaviridae and Megaviridae clades have allowed scientists to design degenerate primers 
that include members from both these clades (Chen & Suttle, 1995, Larsen et al., 2008). Such primers, 
based on the Major capsid and the DNA polymerase gene, have provided valuable insights regarding 
virus dynamics in both local and global geographical contexts (Short, 2012, Adriaenssens & Cowan, 
2014).  
Since the first metagenomic studies on algal viruses in the Megaviridae clade, subsequent efforts 
have pointed to the global diversity, distribution and possible quantitative importance of algal 
Megaviridae members in the world’s oceans. Specifically, in terms of core gene abundance, Megaviridae 
were found to be the second most abundant group right after the bacteriophages in the GOS database 
(Ogata et al., 2011), while Megaviridae and Phycodnaviridae were found to dominate the Tara Oceans 
Metagenome datasets (Hingamp et al., 2013).  Indeed, the ecological role of the known members of algal 
Megaviridae family are well recognized – AaV is implicated in the collapse of harmful brown tide blooms 
along the US East Coast (Gastrich et al., 2004) while PgV is associated with the mortality of Phaeocystis 
globosa, a bloom forming algae in the North Atlantic and the North Sea coasts (Brussaard et al., 2004). 
Although these studies provide a first indication of the global ecological significance of algal 
Megaviridae, data on virus diversity and community structure within ecological contexts are scarce. 
Using degenerate primers targeting a region of the Major Capsid Protein (MCP) gene, we have focused in 
on the algal Megaviridae members, and studied their diversity during a harmful brown tide bloom.  
Ecological impacts of these brown tides have included mass mortality of bivalve shellfish and seagrasses 
(Gobler and Sunda, 2012). A. anophagefferens virus (AaV), an algal Megaviridae member, is a potential 
agent that contributes to the brown tide collapse (Gastrich et al., 2004), so this bloom environment 
provided an excellent ‘experimental system’ to understand the dynamics of AaV and co-occurring algal 
Megaviruses. Our study provides insights on the community structure of algal Megaviruses during 




Materials and Methods 
Sample collection and processing 
During a brown tide event in 2013, samples were collected from two geographically close and connected 
locations, Quantuck Bay (40°48'11.95"N,  72°37'13.11"W) and Weesuck Creek in Shinnecock Bay 
(40°50'16.34"N,  72°34'11.75"W) along the southern shore of Long Island, New York. Quantuck Bay and 
Shinnecock Bay have experienced regular brown tide blooms during the past three decades (Gobler & 
Sunda, 2012). These locations were sampled roughly once a week from mid-May to mid-August (Figure 
4.1) as part of a regularly occurring brown tide survey. For the current study, samples collected on June 6, 
2013 onwards were processed. Whole water samples (30 mL) were immediately centrifuged using a 
Sorvall Lynx 4000 centrifuge (Thermo Scientific) equipped with a fixed angle rotor (Model no. F14-
14x50cy, K-factor  798)  at 29,000Xg for 30 mins (pre-chilled at 4°C) and the pellet was re-suspended in 
1.5 ml final volume using L1-Se medium and frozen at -80°C until further processing.  
Aureococcus, Heterotrophic bacteria and Cyanobacterial enumeration 
The methods used to enumerate picoeukaryotes and bacteria have been described previously (Koch et al., 
2013). The field samples were collected in acid-washed 20 L carboys and processed within an hour of 
collection. Aureococcus counts were made on whole water preserved using a filter-sterilized 
glutaraldehyde solution (1% v/v final concentration) and stored at 4°
 
C. Enzyme linked immunosorbent 
assays (ELISA) using a monoclonal antibody specific for Aureococcus anophagefferens (Stauffer et al., 
2008) were used to count Aureococcus cells via their fluorescein isothiocyanate (FITC) fluorescence 
using a flow cytometer (FACScan; Becton, Dickinson and Company). Samples were stained with SYBR 
Green I (Life Technologies) for estimating the abundance of heterotrophic bacteria, while 
picocyanobacteria and picoeukaryote densities were quantified based on pigment fluorescence. 
Phycocyanin-containing cyanobacteria (PC cyanobacteria) and phycoerythrin-containing cyanobacteria 
(PE cyanobacteria) were distinguished based on their chlorophyll a and phycoerythrin content using the 
software Cyflogic (CyFlo Ltd., Finland).  Based on the prior fluorescence characteristics of cyanobacteria 
present during brown tides, such groups are likely to be Synechococcus sp. (Gobler et al., 2011).  PC 
cyanobacteria, due to their lack of phycoerythrin, can be detected in lower left corner of the chlorophyll a 
vs. phycoerythrin window and phycoerythrin-enriched cyanobacteria should be found in the center of the 





Figure 4.1: Dynamics of Aureococcus (●), other picoeukaryotes (▲), phycocyanin-rich cyanobacteria (◊) 
and phycoerythrin-rich cyanobacteria (■) during the sampling period in Quantuck Bay (A) and Weesuck 
Creek (B). Samples starting from June 6 were processed for this study.  Temperature (●) and salinity (○) 













Primer designing and sequence data generation 
Full length major capsid nucleotide sequences from both Megaviridae and Phycodnaviridae members 
were downloaded from the NCBI nr database. These sequences and the AaV MCP were aligned using 
MEGA 6.0. To facilitate the inspection of the alignment for conserved regions, protein alignments were 
also generated in the same program. Conserved regions specific to the algal Megaviridae were detected 
and degenerate primers designed (AM-mcp-F: 5`-TGGMTSCAMATYTGGWR-3’, AM-mcp-R: 5` 
GCRTCNGTRTARTTRAA-3`) (Appendix Figure 4.5). Due to its highly divergent nature, Pyramimonas 
orientalis virus (PoV) could not be included in the scope of the designed primers. The specificity of this 
primer set was verified using a previously collected water sample from Quantuck Bay (January, 2012) 
and also an AaV lysate generated from lab cultures of A. anophagefferens CCMP 1984.  
PCR was carried out for each sample in a 25 µL reaction volume containing 0.5 µL of Forward (2 
µM), 0.5 µL Reverse (2 µM) primers, 1 µL concentrated sample,12.5 µL EconoTaq Plus Green master 
mix (Lucigen) and 10.5 µL sterile deionized water. A temperature cycle consisting of 95°
 
C for 10 
minutes (initial denaturation), 95° C for 30 seconds (denaturation), 52.7° C for 45 seconds (annealing), 
72° C for 1 min (elongation) for a total of 37 cycles and a final extension at 72° C for 10 minutes was 
performed. The PCR products were separated by agarose gel electrophoresis. In none of our samples were 
DNA bands outside the range of 500-700 nucleotides, which was the expected size range of the MCP 
amplicons. DNA was excised and purified using a QIAquick gel extraction kit (Qiagen). Purified PCR 
products were cloned in chemically competent E. coli cells using TOPO TA cloning kit according to 
manufacturer’s protocol (Invitrogen). The transformed cells were screened using the ‘blue-white’ 
selection procedure - white colonies were randomly picked from LB + kanamycin + X-gal plates after 
overnight incubation. 24 colonies from each of the samples were grown in 96 well plates and sent for 
Sanger sequencing in the Clemson University Genomics Institute. For three samples from Quantuck Bay, 
additional clones were sequenced by the University of Tennessee Molecular Biology Resource Facility. 
After removal of partial and low quality sequences, 475 sequences were curated for further analyses. 
Number of sequences curated for each weekly sample varied from 13 to 24 amplicons for Weesuck Creek 
and 17 to 32 amplicons for Quantuck Bay.. The sequences were submitted in the NCBI database under 
the accession number ‘KT445288 - KT445765’. 
OTU clustering, phylogeny and community diversity analysis 
Following primer trimming, the 475 amplicons were clustered into 145 Operational Taxonomic Units 
(OTU) using UPARSE (Edgar, 2013) with a 97% OTU radius (greedy clustering algorithm). For 
phylogenetic analysis, MCP amplicons from previous studies (Larsen et al., 2008, López-Bueno et al., 
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2009, Rozon & Short, 2013, Zhong & Jacquet, 2014) were downloaded from NCBI and were clustered 
into OTUs following the same procedure. As part of our ongoing research on freshwater Megaviridae 
members, we included 19 algal Megaviridae OTUs from the Tennessee River, amplified using both AM-
mcp (this study) and mcp (Larsen et al., 2008) primers (NCBI accession numbers: KT445288 – 
KT445315). 
Before phylogenetic reconstruction, we translated the OTUs into amino acid sequences using FrameBot 
(Wang et al., 2013) with a reference sequence list of MCPs from the Megaviridae and Phycodnaviridae. 
Translated OTUs and reference sequences from both Megaviridae and Phycodnaviridae members were 
aligned in MEGA 6.0 software (Tamura et al., 2013) using the MUSCLE algorithm (Edgar, 2004). A 
maximum likelihood phylogenetic tree was constructed in Treefinder (Jobb et al., 2004) with LG+F 
model with invariant sites. Expected likelihood ratio (1000 iterations) was used as the confidence value 
for the nodes. The tree was annotated using the iTOL interface (Letunic & Bork, 2011). Unweighted 
Unifrac (Lozupone & Knight, 2005) analysis was carried out on the amplicon sequences from Quantuck 
Bay (QB) and Weesuck Creek (WC) in the FastUnifrac web interface (Hamady et al., 2009). 
Results 
Host cell dynamics 
Aureococcus abundance varied widely during the course of the sampling period, which encompassed the 
peak and gradual decline of a brown tide bloom (Figure 4.1).  For the purposes of this study, we consider 




 as a ‘bloom’, as this species had been shown to cause harm or 
mortality in multiple species of bivalves and eelgrass at this level (e.g., Talmage and Gobler, 2012, 









 at the end of May in Quantuck Bay and Weesuck Creek, respectively. 
A second peak was observed at the end of June following a brief decline from the earlier peak. After this, 
Aureococcus cells started to decrease and reached a concentration of 2.8 x 10
4 





 (WC) on the last sampling date (August 13, 2013) (Figure 4.1).  During the last six time points 














 in Weesuck Creek in May and steadily 
increased to a level of 1.9 x 10
6




 (QB) at the end of the sampling period 
(Figure 4.1). Picoeukaryotes other than Aureococcus persisted at high densities throughout the bloom 








 (WC). In both 
locations, the concentration of picoeukaryotes steadily increased even during the demise of the brown tide 
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(Figure 4.1). Heterotrophic bacterial abundance was also high throughout the bloom and varied only 
marginally during the sampling period: between 1.4 x 10
7 




 in Quantuck Bay and 
between 6.6 x 10
6




 in Weesuck Creek (data not shown). 
Phylogenetic diversity of the MCP Operational Taxonomic Units 
All the 475 amplicons from 24 sampling points were clustered into 145 OTUs at 97% OTU radius (Figure 
4.3 and Appendix Figure 4.4). The most abundant OTU in our dataset had 87% amino acid similarity to 
the AaV MCP and was represented by 27 amplicons from both the locations (Figure 4.2). AaV was the 
third most abundant OTU in the dataset with 19 amplicons. Seventy one of the OTUs were singletons 
(Appendix Figure 4.6). Rarefaction curves constructed for the sequences from both the locations did not 
reach the plateau, which indicates that our sampling depth was not enough to capture the entire diversity 
of the algal Megaviridae members within the scope of the primer sets used (data not shown). 
We performed a phylogenetic analysis of the OTUs from this study and OTUs from other studies 
amplified using the Larsen et al mcp primers. As expected, all the OTUs amplified in this study clustered 
in the algal Megaviridae sister clade, providing confirmation on the specificity of the primer sets (Figure 
4.3). The mcp primers were designed from conserved regions of viruses in both Phycodnaviridae and 
algal Megaviridae.  Consequently, sequences amplified by these primer sets clustered in both clades 
(Figure 4.3). A cluster consisting of AaV and PoV, two known cultured representatives, harbored a 
number of these sequences, while another cluster was found to harbor the Organic Lake Phycodnavirus 
(OLPV) (assembled from metagenomes) and sequences amplified by mcp primers. Interestingly, one of 
the sub-clades was found to solely harbor sequences amplified from freshwater studies without any 
cultured representatives and included one Tennessee River OTU (Moniruzzaman and Wilhelm, 
unpublished data) (Figure 4.3).  Five other OTUs from the Tennessee River formed a monophyletic 
cluster with several brown tide OTUs. While a number of the brown tide OTUs clustered with cultured 
representatives, a majority of the sequences formed new clusters, indicating the significant unexplored 
diversity of algal Megaviridae in this system. 
Algal Megaviridae community dynamics 
We used unweighted Unifrac (Lozupone & Knight, 2005) to inspect any spatio-temporal patterns in the 
algal Megaviridae community structure. A Unifrac significance test on the samples pooled over the 
locations revealed no significant difference (P= 0.46) between these locations. However, the P-test 




Figure 4.2: Heatmap of the distribution of amplicons representing the brown tide OTUs across different 
weekly samples in Quantuck Bay and Weesuck Creek (normalized to the library size).  The right panel 
shows total number of amplicons per OTU in each of the locations. The OTUs are sorted in a descending 
order starting with the most abundant one (27 amplicons) on the first row of the heatmap. The OTU 









Figure 4.3: Maximum likelihood phylogenetic analysis of MCP Operational Taxonomic Units (OTU) 
from this study and from previous studies using the mcp primers (Larsen et al, 2008). Reference 
sequences from Phycodnaviridae and Megaviridae are indicated in bold letters. Part of the outermost 
circle marked in light green indicates the Phycodnaviridae clade, while red and blue indicates algal and 
non-algal Megaviridae sister-clades, respectively. The innermost circle is color-coded according to the 
studies where they were generated. Nodes having confidence value ≥50% is marked with solid gray 
circles. Abbreviations: CroV – Cafeteria roenbergensis virus, Mou – Acanthamoeba polyphaga 
Moumouvirus, Mimi – Mimivirus, M.goul – Moumouvirus goulette, M.chil – Megavirus chiliensis, 
M.cour – Megavirus courdo, AaV – Aureococcus anophagefferens virus, PoV – Pyramimonas orientalis 
virus, OLPV – Organic Lake Phycodnavirus, CeV – Chrysochromulina ericina virus, PgV – Phaeocystis 
globosa virus, PpV – Phaeocystis pouchetii virus, PBCV – Paramecium bursaria Chlorella virus, ATCV 
– Acanthocystis turfacea Chlorella virus, BpV – Bathycoccus parsinos virus, MpV – Micromonas pusilla 












based upon the phylogenetic branch lengths unique to each of the compared environments (Lozupone & 
Knight, 2005), while P-test is based upon the minimum number of changes required in the tree topology 
to explain the differences between the environments compared to the trees where the environments are 
randomly assigned (Martin, 2002). 
Principal coordinates analysis of the pairwise Unifrac distances between the samples from both 
Quantuck Bay and Weesuck Creek showed clear separation of the earlier weeks (Week 1 to 6 for QB and 
Week 1 to 7 for WC) from the later weeks of the sampling (Figure 4.4). This separation was found along 
the Principal component 1, which explained 28.86% of the variation in this dataset.  This observation was 
further supported by a UPGMA clustering of the samples pooled over locations, which showed two 
distinct clusters comprising of Week 1 - 6 samples and Week 7 – 12 (data not shown) As mentioned 








) over the 
last six sampling points. Thus, the shift we observed in the Megaviridae community structure 
corresponded to the major phase shift of the brown tide event. In our dataset, amplicons representing the 
most abundant OTU (OTU-1, 27 copies) and AaV (OTU-3, 19 copies) were retrieved exclusively from 
the bloom phase, while a number of OTUs were found only from the weeks representing the decline 
phase (e.g., OTU-8 and 10, Figure 4.2). Similar bias towards either of the phases was found for several 
other abundant amplicons. To test whether there was any association between the OTUs and the phases of 
the bloom, we pooled the 11 most abundant OTUs (≥ 10 amplicons) over the locations and categorized 
them according to bloom and decline phases. A Pearson’s chi square test rejected the null hypothesis of 
no association (P-value < 0.001, df = 10, simulated P-value with 2000 replicates) between these OTUs 
and the bloom phases. 
Discussion 
In light of the recent information regarding the potential ecological significance of algal 
Megaviruses, we explored the diversity of this intriguing phylogenetic group in both marine and 
freshwater ecosystems. Through marker gene analyses, we first aimed to resolve the potential diversity of 
AaV and other algae infecting members of Megaviridae during a brown tide cause by A. anophagefferens 
in order to develop a better quantitative, ecological understanding of these viruses.   Several studies have 
indicated that these giant viruses may play a role in collapsing algal blooms. As a first step towards 
characterizing their ecology, we needed to identify suitable in situ conditions to study their dynamics, and 





Figure 4.4: Principal coordinate analysis of the pairwise Unifrac distances between the weekly samples. 
Each sample is color coded (Weesuck Creek: Blue rectangle, Quantuck Bay: Red circle) along with the 
number of week it was collected.
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In spite of a limited availability of sequence information (five cultured isolates and two 
candidates from metagenomics studies), our primer sets successfully amplified a broad spectrum of 
putative algal Megaviridae diversity with an apparent high specificity during the peak and demise of a 
brown tide. While this primer set was fairly specific for the environments tested, data from different 
environmental contexts will be necessary to further validate its specificity. It is important to mention that 
the reverse primer motif that we used was found to be conserved in the algal Megaviridae members, but 
highly diverged in the sequenced Phycodnaviridae or non-algal Megaviridae family MCP genes, which 
might be a factor contributing to the specificity of this primer set to algal Megaviridae members 
(Appendix Figure 4.5). 
 
A phylogenetic comparison of these sequences with studies based on primers encompassing 
viruses from both Phycodnaviridae (ICTV specified) and Megaviridae provided several insights. 
Sequences from other studies using mcp (Larsen et al., 2008) primers fell within both Phycodnaviridae 
and Megaviridae clade (Figure 4.3). This reflects the approach taken in the primer design where members 
from both Phycodna- and Megaviridae were included. It is important to note that the mcp (Larsen et al., 
2008) primer set was designed from the regions that are conserved in the major capsid genes of both 
Phycodnaviridae and algal Megaviridae members. The original study was based on the established 
classification scheme of algal viruses, where giant viruses infecting algae are thought to form a 
monophyletic cluster. However, our study is based on several recent observations supporting the idea that 
algal viruses are probably not monophyletic - some of the cultured algal viruses and representatives in the 
metagenomes cluster with giant Mimivirus and Cafeteria roenbergensis virus (Monier et al., 2008, 
Santini et al., 2013, Moniruzzaman et al., 2014). These observations clearly indicate that our 
understanding of the algal virus phylogeny is evolving, which will also impact the algal virus 
classification scheme and how we will explore the diversity of these viruses in future. 
  Our primer sets revealed a high degree of diversity within the algal Megaviridae clade.  This 
supports a metagenomic study that showed high degree of diversity  within extended Mimiviridae family 
(Monier et al, 2008) in the world’s oceans. Indeed, genetic information for only a few of the algal 
Megaviridae members is available, and this phylogenetic study reveals a number of clades with no 
cultural representatives.  Previously, phylogenetic studies using primers specific to algal virus MCP 
revealed freshwater and marine specific clades (Zhong & Jacquet, 2014), while similar demarcation was 
found among freshwater, estuarine and marine DNA polymerase sequences (Gimenes et al., 2012). Our 
meta-analysis indeed revealed a clade consisting of freshwater MCP sequences within the algal 
Megaviridae (Figure 4.3), however, the rest of the freshwater sequences were found to cluster in clades 
dominated by the sequences obtained from Quantuck Bay and Weesuck Creek. We note, however, that 
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both of these sampling locations were estuarine and within 1 - 2 km of freshwater tributaries, providing a 
potential eco-geographical explanation for this clustering of sequences obtained from the Tennessee river 
and brown tide samples. Extensive sampling of algal Megaviridae MCP across different environmental 
gradients will be necessary to get better insights on the phylodynamics of these viruses.  
So far, AaV is the only virus known to infect and lyse Aureococcus in culture. Our data indicates 
that viral genotypes with ≥98% sequence similarity to AaV are present and are possibly a recurrent 
component of brown tides. Although viruses infecting Aureococcus other than AaV are not known, such a 
phenomenon might not be surprising. Distinct viral genotypes within the Megaviridae family from both 
marine and freshwater systems can infect the same host, Acanthamoeba castellanii (Raoult et al., 2004, 
Arslan et al., 2011). As a more relevant scenario, two recently reported members of the algal Megaviridae 
(HeV RF02 and PkV RF01) show cross-species infectivity (Johannessen et al., 2015). If such cross-
specificity is ubiquitous in the world’s oceans, that will result in complex dynamics of both host and virus 
diversity (Short, 2012) and impact host-virus coevolution. One important consequence will be the 
possibility of viruses with broad-host range to have variable control over the population dynamics of 
different hosts.  We found association of several OTUs with the peak and decline of the bloom event, 
suggesting that beyond AaV, multiple virus-host interactions shaped the bloom trajectory. The most 
abundant OTU in this study had 87% amino acid similarity to AaV MCP. Both AaV and this amplicon 
showed association with the ‘bloom’ phase of the sampling period. Although these provide tantalizing 
evidence for cross-specific infectivity involving Aureococcus or phylogenetically close algal species, we 
must note that our observation only provides a hypothesis that must be rigorously tested. Ultimately, such 
association can only be established in the context of large datasets generated on broader spatial and 
temporal scales with prior knowledge on interacting pairs of hosts and viruses. 
We used Unifrac (Lozupone & Knight, 2005), a widely used phylogeny based distance metric to 
inspect the patterns of viral diversity and identify potential forces shaping algal Megaviridae community 
in the studied systems. Unifrac significance tests and phylogenetic P-tests (Martin, 2002) produced 
conflicting results regarding the similarity between Quantuck Bay and Weesuck Creek algal Megaviridae 
community over the sampling period. Unifrac significance is based upon the phylogenetic branch lengths 
unique to each of the compared environments whereas P-test is based upon the minimum number of 
changes required in the tree topology to explain the differences between the environments compared to 
the trees where the environments are randomly assigned. The conflicting results in our study indicate that 
although environment specific clusters were formed, they did not contribute enough unique branch length 
fractions to have a significant difference in the phylogenetic history. However, it is important to note that 
these bays are interconnected and had similar densities and dynamics of Aureococcus (Gobler et al., 
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2011), other phototrophs and heterotrophs during the study period. Therefore, this apparent conflict could 
be an artifact of the proximity of sampling locales and low sampling depth in our study. Due to the high 
number of samples compared (24) and limited sequences per sample, we opted for unweighted Unifrac 
rather than the weighted version. Brown tide blooms are highly dynamic in nature and are initiated as a 
response to a multitude of bottom-up and top-down factors (Gobler et al., 2005) of which several are 
already known. It has been demonstrated that these blooms emerge within a summer pico-algal 
assemblage that developed after the collapse of a spring diatom bloom (Sieracki et al., 2004). Due to its 
unusual ability to utilize dissolved organic matter (DOM) (Lomas et al., 2001), Aureococcus can 
outcompete co-occurring picoalgae when dissolved inorganic nitrogen (DIN) is low (Keller & Rice, 1989, 
Gobler et al., 2002). In our analysis, temperature was negatively correlated with Aureococcus, while 
picoeukaryotic algal (other than Aureococcus) abundances seemed to be positively correlated 
(Supplementary Table 1). This observation can partially be explained by the fact that the apparent 
maximum temperature for brown tide bloom maintenance is 25°
 
C (Nuzzi & Waters, 1989). Due to low 
sampling frequency, however, this analysis could not be extended to elucidate the relationship between 
viral dynamics and the abiotic factors. However, the fact that temperature had a contrasting relationship 
with the potential host pools of the Megaviridae (Aureococcus and other picoeukaryotes) indicates that 
such relationships are likely to be complex. 
 
Little information is available regarding the co-occurring algal and viral diversity in the brown 
tide affected environments. It has been previously shown that Aureococcus can dominate yet still co-exist 
with several other known phytoplankton including Ostreococcus, Thalassiosira, Phaeodactylum and the 
cyanobacterium, Synechococcus (Gobler et al., 2011). A study of estuaries along the mid-Atlantic coast 
which are historically prone to brown tides (including Quantuck Bay and Shinnecock Bay) found that 
protist diversity was high throughout the study and that dramatic fluctuations occurred within a very short 
temporal scale, regardless of study site. (Vigil et al., 2009). Surprisingly, protistan diversity was high 
even during Aureococcus bloom events (Vigil et al., 2009). The annually recurring community was found 
to be relatively stable at the same sampling sites, indicating the presence of a highly dynamic yet a 
resilient community over the long term. Interestingly, an Ostreococcus-like population bloomed in 
summer 2001 in West Neck Bay which has history of brown tides (O'Kelly et al., 2003). These bloom 
forming cells were found to harbor giant icosahedral virus particles. The high abundance of 
picoeukaryotes in our dataset throughout the sampling period indicates that the Aureococcus blooms were 
not monospecific and other phytoplankters coexisted. Along with Aureococcus, this picoeukaryote pool 
likely harbored hosts of the algal Megaviridae identified during this study.  
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While the demise of the Aureococcus bloom witnessed during this study was sharp, we note post-
peak cell densities remained at 10
4
 cell/ml, a level commonly present in NY estuaries when this species is 




 may be related 
to the persistence of a viral resistant sub-population of Aureococcus.  Prior work with laboratory 
propagated, Aureococcus-specific viruses demonstrated that the addition of these viruses to field 
populations of Aureococcus was capable of significantly reducing cell densities by 70% in 72 hrs (Gobler 




following the experiment was interpreted as the 
persistence of a viral resistant sub-population.  During the present study, the decline in Aureococcus cell 
densities represented a loss of >95% of the cells present at the peak of the bloom.  Such decline is 
consistent in magnitude with prior studies that described an increase in Aureococcus cells infected with 
viruses from <1% to nearly 40% at the bloom peak (Gastrich et al 2004) suggesting the current bloom 
may have experienced similar rates of viral infection. However, other factors including grazing (Gobler et 
al., 2005) and reduction in the DOM pool (Sieracki et al., 2004) might also contribute to this decline. 
Several studies revealed dramatic shifts in both algal and viral populations following viral lysis of 
the dominant phytoplankton (Castberg et al., 2001, Jardillier et al., 2005). A mesocosm study 
demonstrated that E. huxleyi bloom collapse followed changes in both the abundance and composition of 
the viral, bacterial, and algal communities (Castberg et al., 2001).  Similarly, we observed a shift in the 





) after the peak. Interestingly, the non-brown tide picoeukaryote densities steadily increased over the 
low abundance period suggesting that a succession in both the phytoplankton and algal Megaviridae 
community followed the bloom decline. The possible role of AaV in this decline can be explained  by the 
‘killing the winner’ hypothesis (Thingstad, 2000), where viral lysis of the most abundant algae releases 
new nutrients and opens a niche that other algal species compete for. However, the contribution of 
additional biotic and abiotic factors in this shift cannot be discounted. Additionally, the role of algal 
Megaviridae-host interactions other than AaV in the bloom decline remains an open question. 
In the last few decades, we have come to appreciate the critical role of aquatic viruses in 
maintaining the diversity and dynamics of the abundant primary producers in the ocean (Wilhelm and 
Suttle, 1999). Due to their well-recognized contribution to the global biogeochemical cycle, there is an 
increasing consensus regarding the need to incorporate viruses in the global climate models (Danovaro et 
al., 2011). In this study, we have extended our current understanding of viral diversity and dynamics to a 
newly recognized phylogenetic group of giant algal viruses.  Given the massive and episodic mortality 
events these viruses appear to cause (Wilson et al., 2002, Gastrich et al., 2004), the ability to track these 
viruses and their effects is of paramount interest to establish appropriate ecological models.  Through in 
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situ identification of AaV using molecular markers, we have reinforced its role in the mortality of a 
harmful algal bloom and have established a foundation for further studies. Moreover, the highly diverse 
algal Megaviridae community was shown to respond to environmental changes, revealing their 
contribution to the eukaryotic phytoplankton dynamics along with the relatively well-studied 
Phycodnaviridae clade. Their intriguing phylogenetic affinity to viruses infecting hosts with 
fundamentally different life cycles, possible quantitative importance, and role in the evolution of the 
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Figure 4.5: Alignment of Major Capsid Protein (MCP) sequences from the Megaviridae and Phycodnaviridae clade used to design the degenerate 
primers specific to algal Megaviridae. Region Marked in red arrows indicate the primers designed in this study (AM-mcp), while regions indicated 
in blue are the primers designed by Larsen et al, 2008. AaV: Aureococcus anophagefferens virus, PpV: Phaeocystis pouchetii virus, CeV: 
Chrysochromulina ericina virus, PgV: Phaeocystis globosa virus, OLPV: Organic Lake Phycodnavirus, PoV: Pyramimonas orientalis virus, 
PBCV: Paramecium bursaria Chlorella virus, ATCV: Acanthocystis turfacea Chlorella virus, BpV: Bathycoccus parsinos virus, HaV: 
Heterosigma akashiwo virus, OsV: Ostreococcus virus, OlV: Ostreococcus lucimarinus virus, MpV: Micromonas pusilla virus, M.goulette: 




Figure 4.6: Distribution of singleton OTUs in each of the weekly samples from both the sampling 
















Table 4.1: Spearman’s correlation co-efficient (ρ) indicating significant relationship between cell counts 
vs. environmental variables. (PC_Cyano: Phycocyanin rich cyanobacteria.) 
Variable by Variable Spearman ρ P-value 
PC_Cyano Aureococcus anophagefferens  -0.6087 0.0016 
Picoeukaryotes Heterotrophs 0.6322 0.0003 
Picoeukaryotes PC_Cyano 0.7980 <.0001 
Temperature Aureococcus anophagefferens  -0.4548 0.0256 
Temperature Heterotrophs 0.3870 0.0419 
Temperature PC_Cyano 0.7619 <.0001 
Temperature Picoeukaryotes 0.6798 <.0001 
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Metatranscriptomics has emerged as an important tool in microbial ecology that can resolve the functional 
landscape of both prokaryotes and eukaryotes in a community. In this study, we evaluated the potential of 
metatranscriptomics to probe virus dynamics and virus-host relationships in marine systems. RNA-seq 
data from polyadenylation-selected samples were examined from microbial communities in time-courses 
in two highly productive environments: a brown tide bloom in Quantuck Bay, NY, and a diatom 
dominated community in Narragansett Bay, NY. Active virus infections by a diversity of giant viruses 
(NCLDVs) infecting algal and non-algal hosts were found in both sites. Ongoing infections of the brown 
tide causative agent (Aureococcus anophagefferens) by a known Mimiviridae (AaV) were observed 
during both the peak and decline of a brown tide bloom. Remarkably, bloom decline was also 
accompanied by increased activity for viruses other than AaV, including (+)ssRNA viruses in an 
unassigned group of the Picornavirales. In Narragansett Bay, better temporal resolution revealed active 
NCLDVs with both ‘boom-and-bust’ as well as ‘steady-state infection’-like ecologies. From the data we 
assembled 18 complete or near-complete genomes belonging to the Picornavirales order – greatly 
expanding the current genome compendium of Picornavirales.  Finally, statistical co-occurrence 
examinations of the dsDNA, ssRNA and dsRNA virus markers with picoeukaryotic diversity within the 
RNA-seq data revealed a wealth of potential virus-host relationships (a putative “who infects whom”) that 
include known as well as novel interactions.  These findings validate lab-observed relationships as well as 
define new potential interactions between viruses and hosts in marine surface waters and establish a 














Viruses that infect marine microbes are an integral component of aquatic ecosystems with a diversity 
spectrum spanning the entire Baltimore classification scheme (Breitbart, 2012).  The potential association 
of viruses with global-scale biogeochemistry, bloom termination events and the constraints they place on 
microbial community diversity has driven scientific interest in virus ecology (Weitz & Wilhelm, 2012, 
Brum et al., 2015).  Amongst these, giant dsDNA viruses belonging to the Nucleocytoplasmic Large 
DNA Virus (NCLDV) group infect protists with diverse lifestyles (Short, 2012) and are thought to be 
abundant in the world’s oceans (Ogata et al., 2011). Individually some of these viruses have been shown 
to be potential drivers of algal bloom collapse, with Emiliania huxleyi virus (EhV) and Aureococcus 
anophagefferens virus (AaV) being prominent examples (Gastrich et al., 2004, Lehahn et al., 2014). 
However, despite their possible importance, only a few ecologically-relevant host-NCLDV systems are 
established in culture and little is known about their ecology. As a specific example, viruses infecting 
obligate heterotrophs in the candidate Mimiviridae family are often isolated using Acanthamoeba as a 
‘tool’, while the true ecologically relevant host remains unknown (Arslan et al., 2011). Indeed, CroV is 
the only heterotrophic picoeukaryote infecting virus in this group for which the environmental host is 
known (Fischer et al., 2010).  
The term ‘giant virus’ is used as a catch-all to describe viruses that are incredibly diverse in size - some of 
them falling within the size class of small bacteria (Moniruzzaman et al., 2016, Wilhelm et al., 2016). To 
this end, culture independent approaches for their study are challenging: “viromes” – large metagenomic 
datasets enriched with viral sequences, are usually generated on samples filtered through ≤ 0.22 or 0.45 
µM pore-size filters to exclude bacteria and small eukaryotes (Brum et al., 2015). This approach however 
largely excludes giant viruses that range from 100 nM to ~1.5 µM (Abergel et al., 2015). Additionally, 
the large genomes of these viruses often contain genes acquired from putative hosts, bacteria and other 
sources (Filee et al., 2008), forwarding the question ‘What can be considered truly viral?’ in 
metagenomics analyses. Thus there is a need for new toolsets to complement (and perhaps steer) culture-
based isolation approaches that can overcome these collective aforementioned issues.    
The marine virosphere is not limited to large dsDNA viruses alone, as viruses containing all nucleic acid 
types (ss- and dsRNA as well as ssDNA) have been described that infect some form of marine 
picoeukaryotes (Lang et al., 2009, Labonte & Suttle, 2013). It has been suggested that RNA viruses 
comprise a major fraction of the marine viroplankton and may infect ecologically important organisms 
ranging from diatoms and dinoflagellates to fish (Lang et al., 2009). Yet methods for virus enumeration 
have missed these as nucleic acid stains (for enumeration) and DNA-based metagenomics approaches 
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miss RNA viruses. (Steward et al., 2013). Indeed, little is known about RNA virus diversity and 
distribution – the first RNA virus infecting a marine protist was only discovered in 2003 (Tai et al., 
2003), and the high diversity of ssDNA viruses was only  recently described (Labonte & Suttle, 2013). 
Collectively these observations illustrate that we have barely scratched the surface of the marine 
virosphere in terms of host-range and phylodynamics with respect to viruses infecting eukaryotes. 
We examined metatranscriptomes of marine picoeukaryotes from two highly productive marine sites on 
the east coast of USA – Quantuck Bay and Narragansett Bay. Quantuck Bay experiences recurring Brown 
Tide blooms caused by the pelagophyte Aureococcus anophagefferens (Gobler et al., 2011) which are 
shaped by a giant virus (AaV) (Gastrich et al., 1998, Gastrich et al., 2004, Gobler et al., 2004). In 
contrast, Narragansett Bay is a highly productive system with seasonal diatom blooms, but little 
information about the eukaryotic virus community in this system is available. Within the context of these 
microbial communities we set out to extract and study signature genes specific to the double-stranded 
DNA giant viruses that exist as evidence of ongoing and active infection. Subsequently we applied this 
approach within these metatranscriptomes for viruses infecting eukaryotes with different nucleic acid 
genomes (ssDNA, ssRNA and dsRNA) as well as to the host community itself, resulting in emergent 
relationships of putative virus-host pairings. Our observations demonstrate the diversity, dynamics and 
genomic landscape of a large cross-section of eukaryotic plankton-infecting viruses in these systems as 
well as provide insight into the active plankton members that may be serving as potential hosts. We 
demonstrate that such information can be a powerful tool to link viruses to their potential hosts in situ in 
the context of the interactive network among eukaryotic microorganisms and viruses. 
 
Materials and Methods 
Experimental design  
Quantuck Bay: The detail on sample collection and processing from the Quantuck Bay study site is 
described in Wurch et al (2016). Briefly, samples were collected from a bloom in Quantuck Bay (Latitude 
= 40.806395; Longitude = -72.621002), NY that occurred from late May to early July, 2011 covering the 
initiation, peak and demise of the bloom . Aureococcus cell were counted from glutaraldehyde (1% final 
v/v) fixed whole water samples using an enzyme-linked immunosorbent assay (ELISA) with a 
monoclonal antibody as described previously (Koch et al., 2013). Planktonic chlorophyll a was collected 
and measured fluorometrically (Welschmeyer, 1994) on 0.2 and 5 µm filters. In situ samples from June 
22
nd
 (3rd sampling point) was also used to carry out nutrient amendment experiments. Briefly, bottles 
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were filled with natural sea water from the bloom and  were amended with 25 µM ammonium only (+N), 
4 µM phosphate only (+P), and 25 µM ammonium and 4 µM phosphate (+N&P) in triplicate. Three 
additional bottles with no nutrient addition were used as control. The samples were then incubated for 24 
hours in a floating chamber at 0.5 m in eastern Shinnecock Bay at the Stony Brook - Southampton Marine 
Science Center under one layer of neutral density cover to mimic the light and temperature levels of 
Quantuck Bay. Samples for Aureococcus cell density measurement and total RNA extraction were 
collected at T=0 and T=24 hours. 
Narragansett Bay: The detail sampling procedure is described in Alexander et al (2015). Briefly, 
samples were collected from a long term sampling site in Narragansett Bay (41°34′12′′ N, 71°23′24′′ W) 
during 2012 on May 16 (NB-S1), May 21 (NB-S2), May 30 (NB-S3), June 4 (NB-S4) and June 8 (NB-
S5). Sample collection and processing was completed within 0830 and 0900 local time to reduce the 
influence of diel signals. 2.0 L of water from each sample was filtered on 5.0-μm pore size PC filters 
using a peristaltic pump. The filters were snap frozen in liquid nitrogen and stored at -80
0
 C until RNA 
extraction. Water collected along with NB-S3 was also used for nutrient amendment experiments. For 
this, triplicate 2.5L bottles were filled with water pre-filtered through a 200-μm mesh and amended with 
specific nutrients to create +N, +P, -N, -P treatments alongside an ambient control. The +N and +P 
treatments were designed to eliminate nitrogen and phosphate stress signals, whereas the –N and –P 
treatments were supplemented with everything except the nutrient in question. N and P amendment 
concentrations were ∼10-fold the seasonal average N and P concentrations measured at the station II in 
the surface waters of Narragansett Bay. The +P and +N amendment contained 3 µM phosphate and 10 
µM nitrate, respectively. The –P amendment contained 10 µM nitrate, 68 µM silica, 4.6 µM iron and f/5 
vitamins. The –N treatment was amended with 3 µM phosphate, 68 µM silica, 4.6 µM iron and f/5 
vitamins. The f/5 media ratios (Guillard, 1975) were followed for silica, iron and vitamin amendments. 
Bottles were incubated for 48 hours in a flow-through incubator at ambient temperature and 
photosynthetically active radiation. After the end of the incubation, treated and control samples were 
filtered and stored for RNA extraction in the same manner for the in situ samples. 
 
RNA extraction and sequencing 
For the Quantuck Bay study site, approximately 25 ml of natural seawater from each of the in situ and 
nutrient amendment samples were pre-filtered through 5 µm polycarbonate (PC) filters and collected on 
0.2 µm PC filters. The samples were flash frozen immediately after filtration and transferred to -80
0
 C. 
Prior RNA extraction, CTAB buffer (Teknova, CA, USA) amended by polyvinylpyrrolidone (1% 
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mass/vol) was added to each of the samples.  UltraClean® Plant RNA Isolation Kit (MO BIO 
Laboratories, CA, USA) was used to extract the RNA according to manufacturer’s protocol which was 
quantified spectrophotometrically. RNA samples were sequenced in the Columbia Sequencing Center 
(NY, USA) using Illumina™ HiSeq™ platform with poly-A enrichment at a depth of 50 million 100bp 
single end reads. Two more replicate samples were sequenced from June 22 (QB-S3) at a depth of 100 
million reads (Table 5.1). 
For Narragansett Bay, replicate filters from each treatment and in situ samples were pooled, representing 
6 L of water for each sample. RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany) 
according to a modified yeast RNA extraction protocol. Briefly, lysis buffer and RNA-clean zircon beads 
were added to the filter. Samples were then vortexed for 1 min, placed on ice for 30 s, and then vortexed 
again for 1 min. The resulting RNA was eluted in water and possible DNA contamination was removed 
using a TURBO DNA-free Kit (Thermo Fisher Scientific, MA, USA). RNA from each triplicate was 
pooled by sample or treatment. >1,000 ng RNA from each sample then went through a poly-A selection 
using oligo-dT beads followed by library preparation with TruSeq RNA Prep Kit (Illumina, CA, USA). 
The samples were sequenced with an Illumina™ HiSeq2000™ at the Columbia University Genome 
Center to produce ~60 million; 100bp paired-end reads per sample (Table 5.1). 
Read assembly and screening for virus and eukaryote specific contigs 
Sequence reads from both locations were quality trimmed (stringent trimming (quality score ≤0.03), No 
‘N’s allowed, 70bp size cutoff) in CLC genomics workbench 8.0 (Qiagen, Hilden, Germany). Separate 
assemblies were performed on all the site specific in situ samples together, which resulted in 2,455,926 
contigs for Quantuck Bay and 9,525,233 contigs for Narragansett Bay at a 100bp size cut-off. 
For selecting contigs specific to Major Capsid proteins of NCLDV, a HMM profile was created after 
aligning the MCP sequences from complete giant virus genomes and several reported MCP genes 
available in NCBI. The HMM profile was queried against the translated contig libraries to select the 
putative MCP candidate contigs using HMMER (Eddy, 2011).   For selecting eukaryotic RPB1 contigs, 
HMM profile specific to domain “RPB1-C-term (NCBI CDD ID: cd02584)” and “RPB1-N-term (NCBI 
CDD ID: cd02733)” was used to query the contig libraries. All the MCP and RPB1 candidate contigs 
detected in this manner were queried against NCBI Refseq database and only contigs with first BLASTx 
hits (E-value cut-off ≤10
-3





Table 5.1: RNA–seq library sizes after quality trimming. The Quantuck Bay samples were sequenced as 
single reads, while paired-end sequencing was carried out for the Narragansett Bay samples (denoted by 
X2). 









June 14, 2011 43,755,618 
June 16, 2011 40,228,517 
June 22, 2011 214,681,748 
Nutrient amendment-control 41,156,535 
+Nitrogen 39,539,666 
+Phosphorus 36,797,290 











16-05-2012 88,207,422 X2 
21-05-2012 53,911,567 X2 
30-05-2012 68,734,805 X2 
4-06-2012 45,344,970 X2 
8-06-2012 55,025,398 X2 
Nutrient amendment - control 38,713,917 X2 
-Phosphorus 45,764,698 X2 
+Phosphorus 37,528,376 X2 
-Nitrogen 36,671,310 X2 














To detect contigs originating from viruses other than NCLDVs, we combined the proteins derived from 
all the viruses having algal, fungal and protozan hosts available on NCBI database. This protein database 
was queried against the contig libraries using tBLASTn with an E-value cut-off of ≤10
-3
. All the candidate 
contigs screened by this procedure were then queried against NCBI Refseq database using BLASTx. Only 
contigs having topmost hits to different viruses were kept for further analysis. All these contigs had best 
hits to diverse eukaryotic viruses, which is probably due to the fact that the samples were poly-A selected 
prior to sequencing. These virus contigs were binned into distinct viral groups according to their best 
BLASTx hits. Percentage of reads recruited to individual viral groups was calculated for determining 
proportional abundance of different viral groups over different time points. For detailed phylogenetic 
analysis of ssRNA and ssDNA viruses, subset of these contigs harboring RdRP (pfam id: PF05183) and 
viral replicase (pfam: PF03090) motif were selected using HMM profile specific to these motifs. 
Genomic and phylogenetic analysis 
Reference sequences for MCP (giant viruses), RdRP (RNA viruses), viral replicase (ssDNA virus) and 
RPB1 (eukaryotes) were downloaded from NCBI Refseq database. A number of RPB1 sequences 
representing several eukaryotic groups were also collected from MMETSP (Keeling et al., 2014) peptide 
collections, for which no representative genomes are available in NCBI yet. The reference sequences 
were aligned in MEGA 6.0 (Tamura et al., 2013). Maximum likelihood phylogenetic trees were 
constructed in PhyML (Guindon et al., 2010) with LG model, gamma shape parameter and frequency 
type estimated from the data. aLRT SH-like statistic was calculated for branch support. The eukaryotic 
classification scheme by Adl et al (2005) was followed. 
Selected contigs were translated to amino acid sequences and were placed on the reference trees in a 
maximum likelihood framework using pplacer (Matsen et al., 2010). The placement files were converted 
to trees with pendant edges showing the best placement of the contigs using ‘guppy tool of pplacer. The 
placement trees were visualized and annotated using iTOL interface (Letunic & Bork, 2016). 
ORFs were predicted on the complete or near-complete picornavirales genomes using CLC genomic 
workbench 8.0 (www.clcbio.com). The genome annotation with predicted features was assisted with pfam 
(Punta et al., 2012) and Conserved Domain Database (CDD) (Marchler-Bauer et al., 2013) search.  
Statistical analysis 
Quality trimmed reads were mapped to the selected viral and eukaryotic contigs from individual read 
libraries with high stringency (97% identify, 70% length fraction matching) in CLC genomics workbench 
8.0. The read mapping values were normalized by library size and length and expressed as rarefied counts 
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per kilobase (RCK). For calculating the relative proportion of individual viral phylogenetic groups, 
number of reads mapped to the contigs from a specific viral group was summed and normalized by library 
size.  
RCK values of viral and eukaryotic contigs upto 225 base pairs were converted into matrices separately 
for Quantuck Bay and Narragansett Bay datasets, which included mapping statistics from both in situ and 
nutrient amendment libraries. Group averaged hierarchical clustering was performed on these matrices 
using Pearson’s correlation coefficient in PRIMER 7.0. SIMPROF test (Clarke et al., 2008) was applied 
on the clusters with 5% significance level and 1000 permutations to identify statistically distinct clusters. 
Selected clusters were visualized and annotated in Cytoscape 3.0 (Cline et al., 2007). 
Results and discussion 
Sample collection and data processing 
Quantuck Bay (NY, USA) experienced a massive brown tide bloom from late May to early July in 2011 
(Wurch et al, 2016). Samples collected on June 14 and June 16 represented the peak of the bloom, with no 
significant difference in Aureococcus cell concentrations between those dates (Figure 5.1). A third sample 
was collected on June 22 which represented the initial phase of bloom decline. Additionally, mesocoms 
(including a control and three nutrient amendments: nitrate (+N), phosphate (+P), nitrate and phosphate 
(+N&P) were carried out using water collected on June 22. The samples were pre-filtered through a 5-µM 
filter, followed by collection on a 0.2-µM nominal pore-size filter, limiting them to primarily bacteria and 
small eukaryotes. The second set of data was generated from a long-term monitoring site in Narragansett 
Bay (Alexander et al., 2015). Five samples were sequenced during May and June of 2012 (NB-S1 to NB-
S5) (Table 5.1). Samples were collected on filters with 5 µM nominal pore-size, thereby excluding any 
eukaryotic cells < 5 µM as well as most of the free bacteria and virus particles. Nutrient amendment 
experiments (control, +N, +P, -N, -P, +N&+P) were also performed using water collected on May 30 
(NB-S3). Details about how these amendments were achieved are provided in materials and methods 
section. Samples were sequenced as previously described (Alexander et al., 2015) (Wurch et al, 2016) 
after selection for poly-adenylated RNA sequences: this approach collected information from the 
microeukaryotic community as well as active infections (by dsDNA and ssDNA viruses) of this 
community. This approach also collected materials from cell-associated (either ongoing infections or 






Figure 5.1: Aureococcus cell counts and nutrient dynamics during a 2011 brown tide bloom in Quantuck 














In total, ~500 million reads across 10 samples were generated from Narragansett Bay, and ~450 million 
reads from 7 samples were generated from Quantuck Bay study sites. Sequence reads from a particular 
study site were assembled together de novo to obtain a library of representative community transcripts 
(see materials and methods). Individual libraries were subsequently mapped to the virus and eukaryote 
specific contigs detected as described in the materials and methods section. Raw read counts were 
normalized by library size and contig length– giving a metric that we define as Rarefied Counts per 
Kilobase (RCK). This value was used to compare the expression level of contigs between different 
samples. 
Temporal dynamics of active giant virus infections 
To explore NCLDVs in metatranscriptomic datasets, we screened contig libraries for ten conserved core 
genes of NCLDVs (including major capsid protein) (Yutin et al., 2009) and normalized count of reads 
assignable to these contigs from each of the libraries. At both sites, a higher number of contigs originating 
from NCLDV-specific Major Capsid Protein (MCP) can be  identified compared to other potential 
candidates (Figure 5.2); indeed the abundance of reads mapped to MCP contigs is higher than the sum of 
specific reads to all other phylogenetic candidate gene contigs (Figure 5.2) for all samples except QB-S3 
that confirms previous efforts suggesting MCP is a suitable marker for NCLDVs in molecular datasets 
(Moniruzzaman et al. 2016). A previous transcriptome study of Mimivirus demonstrated that MCP gene 
is expressed immediately after infection and is one of the top 20 most expressed genes (Legendre et al., 
2010). Interestingly, no other core genes made this list in Mimivirus. Additionally, the most enriched 
virus-specific biological function was viral capsid after 24 hours of viral infection of Emiliania huxleyi 
(Rosenwasser et al., 2014). Thus, the higher abundance of MCP specific fragments in our datasets is 
consistent with these observations. Although only distant homologs of MCP are present in Poxviridae 
(Yutin et al., 2009) and there are no homologs in recently discovered Pandora- and Pithoviruses (Abergel 
et al., 2015), ubiquity of this gene in all other NCLDV families makes it a suitable candidate for 









Figure 5.2: Abundance of 9 NCLDV core genes including major capsid protein (MCP) in terms of 
normalized read counts and number of contigs recovered (up to 100bp length) from Quantuck Bay (right 
panel) and Narragansett Bay (left panel). The box and whisker plots represent the range of the contig 
lengths with number of contigs recovered for each gene in brackets. The filled circles represent the 
rarefied abundances of each contig in each sample. No contigs could be detected from myristolyated 
envelope protein, a core NCLDV gene. Core genes are indicated on the X-axes as follows: A) A32 virion 
packaging ATPase, B) VLFT3 like transcription factor, C) Superfamily II helicase II, D) mRNA capping 
enzyme, E) D5 helicase/primase, F) Ribonucleotide reductase small subunit, G) RNA polymerase large 










The data provides unprecedented insight into the diversity of active NCLDV infections. Several 
observations are common to both study sites, irrespective of sampling time. Firstly, based on the 
phylogenetic placement of the contigs, NCLDV members from different families are consistently present, 
with highest number of contigs placed within the Mimiviridae family, followed by Phycodnaviridae, from 
both study sites (Figure 5.3 (A &B)). A large number of contigs have strong phylogenetic affinities to 
AaV as well as other algae-infecting members of the Mimiviridae clade. Very limited information on the 
ecological dynamics of the Mimiviridae members infecting putative algal hosts is available 
(Moniruzzaman et al., 2016), with almost no ecological information on the Mimiviridae members 
infecting non-algal hosts. Our data indicate that these viruses are an important component of the marine 
virosphere and are as active as the better-studied Phycodnaviridae group. Interestingly, three contigs 
placed in the Asfarviridae clade recruit ~7% (BT-S1) to ~21% (BT-S2) of the MCP reads in Quantuck 
Bay samples (Figure 5.3A). The only known Asfarviridae-like NCLDV isolated from ocean infects a 
dinoflagellate (Ogata et al., 2009). However, recently NCLDVs related to Asfarviridae have also been 
reported to infect Vermamoeba, a free-living amoebae (Reteno et al., 2015). In the Quantuck Bay 
datasets, we detect active infection of AaV during the bloom - with high stringency (read similarity ≥ 
97%), 1368 and 604 reads can be mapped across the AaV genome from QB-S1 and S2 respectively after 
library size normalization, while 236 reads are mapped to the QB-S3 bloom decline sample (Figure 5.4).  
Across the entire genome, 15 AaV genes have more than 10 reads, although two thirds these have no 
similarity to genes with known functions (ORFans). Highly expressed ORFans have also been recorded 
for Mimivirus: 17 of the top 20 most highly expressed genes were hypothetical genes (Legendre et al., 
2010). These observations indicate that such genes are important in propagation of AaV and other 
NCLDVs, despite our lack of knowledge addressing their function. However, some known genes such as 
AaV’s MCP is also among the highly expressed functional genes, with 121 total reads mapped to this 
gene across the three in situ samples from Quantuck Bay. This observation is consistent with the 
expression pattern of MCP in the cultured based transcriptomics experiment described in Chapter III. 
Both total reads mapped across the AaV genome (Figure 5.4) and specifically to MCP gene (Figure 5.3A) 
progressively decline throughout the sampling period, with least number of reads mapped from S3. This 
might indicate that AaV activity was present, but reduced during the bloom decline stage - an observation 
that is supported by a recent study where AaV amplicons were only detected during the peak of the bloom 





Figure  5.3 (A & B): Phylogenetic placement of major capsid protein contigs from Quantuck Bay  
(prefix: Q MC-) and Narragansett Bay (prefix N MC-) on a reference tree of NCLDVs with icosahedral 
capsids. Node support (aLRT-SH statistic)>50% are shown as dark circles. Contigs upto 200bp are 
shown, with their expression level (RCK values) in individual samples as a heatmap on the outer rings. 
The contig that represents the MCP of AaV is marked with a black arrow. The reference sequences are 
shown in bold italic typeface. Abbreviations: MsV-Marseillevirs, LauV: Lausannevirus, Ws Irido: 
Weisenia iridescent virus, SG Irido: Singapore Grouper iridescent virus, He Asco: Heliothis virescens 
ascovirus, AsfV: Asfarvirus, EhV86: Emiliania huxleyi virus 86, HaV01: Heterosigma akashiwo virus 01, 
PBCV1: Paramacium bursaria Chlorella virus 1, ATCV 1: Acanthocystis turfacea Chlorella virus 1, 
BpV1: Bathycoccus parsinos virus 1, MpV12T: Micromonas pusilla virus 12T, OlV1: Ostreococcus 
lucimarinus virus 1, AaV: Aureococcus anophagefferens virus, CeV: Chrysochromulina ericina virus, 
PpV: Phaeocystis pouchetii virus, PgV: Phaeocystis globosa virus, PoV: Pyramimonas orientalis virus, 











Figure 5.4: Normalized read mapping statistics to AaV genome from the three Quantuck Bay samples.  
From outermost to innermost ring: Log converted number of reads mapped from QB-S1 (June 14), QB-
S2 (June 16) and QB-S3 (June 22), respectively. Forward CDSs are in green while reverse CDSs are 
shown in orange. The value in blue on each ring represents the highest number of reads (log converted) 








With five in situ samples over a period of approx 4 weeks, data from Narragansett Bay allowed us to 
observe the dynamics of the NCLDVs across a broader temporal scale. Some members from Phycodna- 
and Mimiviridae clades show continuous activity over a prolonged period, while ‘boom-bust’ like 
relationships (Short, 2012) are possibly present for some other members (Figure 5.3B). For example, 
N_MC_006 and N_MC_021 have RCK values within a magnitude  between samples over all the time 
points, an observation supporting presence of both the hosts and their viruses over a long time. While this 
scenario is consistent with a ‘slow-and-steady’ infection dynamics, it can also be explained by persistent 
infections of the plankton – where ongoing virus production doesn’t necessarily lead to host (or at least 
total community) mortality (Floge, 2014). The expression values of other contigs, however, reflect a 
‘boom-and-bust’ like scenario – with number of mapped reads varying over several orders of magnitude 
between time points. One striking example of such phenomenon is contig N_MC_069 in the non-algal 
Mimiviridae family, whose RCK value dropped by two orders of magnitude on  May 21 and May 30 
compared to May 16 (Figure 5.3 B). 
Diversity and dynamics of viruses infecting microeukaryotes beyond the NCLDVs 
As part of our analyses, 579 and 599 contigs from Quantuck Bay and Narragansett Bay, were respectively 
assigned to viruses that are not classified as NCLDVs Our analyses suggest the majority of these contigs 
were from (+)ssRNA viruses. At both sites, the main contributors of the (+)ssRNA virus diversity were 
from a yet unassigned group of marine RNA viruses in the Picornavirales order (Culley et al., 2003), 
contributing 62% of the total Quantuck Bay and 74% of the Narragansett Bay non-NCLDV virus contigs 
(Figure 5.5A, B). Viruses with known hosts in this group infect a number of diatoms (e.g., Chaetoceros 
sp., Asterionellopsis glacialis and Rhizosolenia setigera) (Lang et al., 2009), and a marine fungoid protist 
(Aurantiotrychium) (Takao et al., 2006). The closest phylogenetic relative of this group is Marnaviridae, 
which currently have only one member – HaRNAV, that infects marine raphidophyte Heterosigma 
akashiwo (Tai et al., 2003). The second major group of (+)ssRNA viruses belonged to Dicistroviridae 
family, with 90 and 36 contigs from Quantuck Bay and Narragansett Bay, respectively (Figure 5.5A, B). 
Interestingly, the only dsRNA viruses detected in both locations were similar to viruses in the Totiviridae, 
Partitiviridae and Hypoviridae family – all of which are known viruses of Fungi  (Wilson, 2012).  This 
established the unique possibility that these viruses may be infecting fungi that are parasitic on algae, as 
have been proposed recently for samples collected in the Laurentian Great Lakes (Edgar et al., 2016).  
While some ssDNA virus contigs from Quantuck Bay cluster with the Nanoviridae family, others from 
both locations donot form any definitive cluster with known circular DNA viruses, thus potentially 




Figure 5.5 (A &B): Phylogenetic placement of (+)ssRNA virus contigs harboring RdRP motifs from 
Quantuck Bay (prefix: Q_sR_OV_)  and Narragansett Bay (prefix: N_OV_) on reference trees. Node 
support (aLRT-SH statistic)>50% are shown as dark circles. Contigs upto 225bp are shown, with their 
expression level (RCK values) in individual samples as a heatmap on the outer rings. The reference 









Figure 5.6: Phylogenetic placement of ssDNA virus contigs (prefix: N_OV_ and Q_sR_OV_) harboring 
viral replicase motifs from Quantuck Bay and Narragansett Bay on a reference tree. Node support (aLRT-
SH statistic)>50% are shown as dark circles. Contigs upto 225bp are shown. The reference sequences are 











To assess how the activity of individual virus groups changed over time, we measured the proportion of 
reads that mapped to different virus groups from individual libraries. In the Narragansett Bay, the 
majority of the reads originate from unclassified marine Picornavirales, Dicistroviridae, Secoviridae and 
Picornaviridae families across all the time points (Figure 5.7). The unclassified marine Picornavirales 
group recruits anywhere from ~68% (NB-S1) to ~98% (NB-S5) of the reads specific to viruses other than 
NCLDVs. In Quantuck Bay, reads coming from both unclassified marine Picornavirales and ssDNA 
viruses dominate across the first two time points (Figure 5.8). However, a remarkable shift in the 
proportional abundance of viral reads is observed on the third day (QB-S3), when the unclassified marine 
Picornavirales became dominant, representing 93% of the total viral fragments other than NCLDVs 
(Figure 5.8). Overall, 2.4% of the entire QB-S3 library (~4.3 million fragments) can be mapped to these 
viral contigs, compared to 0.043% and 0.027% of reads from QB-S1 and QB-S2, respectively. This 
indicate a remarkable increase in activity of this group, concordant with the onset of Brown tide bloom 
decline. In the nutrient amendment samples (based on the water collected on the same date as QB-S3) 
these virus transcripts also increase by an order of magnitude relative to QB-S1 and QB-S2, which further 
validates the observed increase in viral activity in QB-S3.  Phylogenetic analysis confirms these ssRNA 
virus contigs to be part of the unclassified marine picornavirales group (Figure 5.5A). The reason for an 
increase in the activity of these viruses concomitant with brown tide bloom decline is not known. 
Aureococcus blooms are not mono-specific – they include diatoms, dinoflagellates and high densities 
(~10
4
 cells/ml) of heterotrophic protists alongside Aureococcus, even during the bloom peak (Sieracki et 
al., 2004). Additionally, overall picoplankton abundance can be maintained at high densities, even during 
the course of bloom decline, likely reflecting the succession in picoeukaryote community (Moniruzzaman 
et al., 2016). These observations lead to the hypothesis that virus infection in other eukaryotic plankton 
benefitting from the Aureococcus bloom decline resulted in the observed virus activity. Together, these 
observations suggest a much broader ecological role for viruses during phytoplankton bloom decline, a 
phenomenon to be investigated. 
Studies examining RNA virus dynamics in the ocean are limited and major questions regarding their 
phylodynamics, host range and relative abundance remain unanswered. Our study confirms the findings 
of a number of studies revealing diverse Picornavirales phylogenetically distinct from the established 
families to be dominant members in several marine study sites (Steward et al., 2013, Miranda et al., 




Figure 5.7: Proportional abundance of reads (in percentage) assigned to different viral groups in the 
Narragansett Bay study site over the five in situ samples. The ‘other viruses’ portion (in black) is further 






Figure 5.8: Proportional abundance of reads (in percentage) assigned to different viral groups in the 
Quantuck Bay study site over the three in situ samples. The ‘other viruses’ portion (in black) is further 








Additionally, separate studies have shown ssDNA viruses, including Circoviridae members, in distinct 
oceanic regions (Rosario et al., 2009, Labonte & Suttle, 2013). Owing to their small size, detection and 
quantification of both RNA viruses and ssDNA viruses pose significant technical challenges (Miranda et 
al., 2016). Our results clearly point out the power of metatranscriptomic approach in this regard by 
allowing simultaneous analysis of the dynamics of DNA and RNA viruses. RNA viruses have a diverse 
size range, with Picornavirales members in a size range of ~25-30 nm (Wilson, 2012). Moreover, the 
filtration method applied to our samples (Material and Methods) allowed detection of ongoing virus 
infection (for DNA and RNA viruses) and cell-surface associated RNA viruses.  Our poly-A selected 
metatranscriptomes enriched for viral sequences that are polyadenylated revealing active transcripts from 
DNA viruses (inside the host). It is important to mention that some (+)ssRNA viruses have poly-A tailed 
genomes (e.g., Picorna- and Togaviruses) even outside the host (Shatkin, 1974). Therefore, owing to their 
nature, the (+) ssRNA viral diversity captured by this approach might reflect both actively replicating and 
freely existing viruses. 
Recovery of 18 novel complete or near-complete Picornavirales genomes  
A survey of the available non-segmented Picornavirales genomes in the NCBI revealed that members 
have an average genome size of ~8,470 bp, with the maximum being 10,985 bp (NC_021566, Iflaviridae) 
and minimum being 6,580 bp (NC_01297, Picornaviridae). Nine of the assembled virus like contigs from 
each study site are >7,000 bp in length and have best hits to different Picornavirales members. Phylogeny 
and feature analysis of existing (+)ssRNA virus genomes suggest that these contigs are complete or near-
complete Picornavirales genomes (Figure 5.9). A RNA dependent RNA polymerase gene based 
phylogeny places 12 of these genomes with the ‘unclassified marine Picornavirales’ group and 6 others 
within the Dicistroviridae family (Figure 5.9).  Sixteen of these genomes are dicistronic – they harbor two 
ORFs coding for structural and non-structural proteins, while 2 are monocistronic (Figure 5.9). While all 
the genomes have the structural and non-structrual protein motifs characteristic of Picornavirales ORFs, a 
glycosyl transferase domain is  found in N_OV_137 (Figure 5.9).  
To our knowledge, the presence of glycosyltransferase domains has only been reported in members of the 
Endornaviridae family dsRNA viruses (Song et al., 2013). The majority of the viruses in this group have 
dicistronic genomes, however, we did recover two monocistronic genomes (Q_sR_OV_022, 
Q_sR_OV_041), revealing differences in genome architecture among the members of this group (Figure 
4). Remarkably, one of the viruses (N_OV_001) has a reverse orientation of the genes with the first ORF 
encoding for the structural protein, which is unusual for dicistronic viruses in the Picornavirales order 




Figure 5.9: Complete or near-complete Picornavirales genomes recovered from both Quantuck Bay and 
Narragansett Bay study sites. Panel (A) shows the phylogenetic classification of these contigs in a 
topology-only maximum likelihood tree, with contigs from Quantuck Bay having prefix ‘Q_sR_OV_‘ an 
contigs from Narragansett Bay having prefix ‘N_OV_‘. Panel (B) shows the genome architecture of these 
contigs with protein domains and putative CDSs. Panel (C) shows the activity of these viruses in terms of 








All the (+)ssRNA virus genome assemblies from Quantuck Bay samples had higher RCK values during 
bloom decline (QB-S3) compared to the earlier time points corresponding to the bloom peak (Figure 4). 
N_OV_001, a candidate virus from Narragansett Bay, was not present in the first three sampling points; 
however, it recruited 83% of the total viral fragments from the last sampling point (~0.55% of the entire 
library) (Figure 5.9). During the sampling period, Narragansett Bay was experiencing the spring diatom 
blooms. Concordant with this observation, up to 40% of the reads from the metatranscriptome libraries 
could be mapped to Thalassiosira, Skeletonema and other diatoms (Alexander et al., 2015). The closest 
phylogenetic relative of N_OV_001 is a virus infecting diatom Asterionellopsis glacialis (Figure 5.9).  
Who infects whom? - Resolving virus-host relationships using metatranscriptomics 
The data presented an opportunity to generate hypotheses concerning ecologically meaningful 
relationships among these diverse protists and their pathogens, with the established AaV-Aureococcus 
association acting as a de facto internal standard. Transcripts from DNA viruses must originate within the 
host cells, and thereby for a particular host-virus pair, a significant and strong positive correlation can be 
expected for gene expression among viruses and their hosts. Building on this idea, host gene expression 
of at least a subset of the host’s genome is a prerequisite to observe gene expression of a virus specific to 
that host, as evidenced by transcriptomic landscape of host-virus dynamics in culture (Legendre et al., 
2010, Rowe et al., 2014) and induced blooms in mesocosms (Pagarete et al., 2011). We inspected 
statistical co-occurrences among the contigs containing virus and eukaryote-specific marker genes based 
on their expressions. Since poly-A selected metatranscriptomes are largely depleted of ribosomal RNA 
marker genes, we opted for functional genes suitable for phylogenetic analysis. Expression of MCP 
(dsDNA viruses), RdRP (RNA viruses) and viral replicase (ssDNA viruses) were compared to the 
functional eukaryotic marker gene RNA polymerase II large subunit (RPB1). Hierarchical clustering of a 
Pearson’s correlation matrix followed by a SIMPROF analysis (Clarke et al., 2008) was used to detect 
statistically distinct clusters which contained both viral and eukaryotic marker genes that had been 
classified into phylogenetic groups by placing the putative host contigs on a RPB1 reference tree (Figure 
5.10).   
Our overall analysis produced a number of statistically distinct clusters harboring both viral and 
eukaryotic contigs (Figure 5.11). Interestingly, one cluster (Figure 5.11, A(ii)) harbored both AaV and 
Aureococcus, demonstrating that ecologically relevant relationships between viruses and their hosts can 
be discerned using transcriptome sequence data. Close inspection revealed interesting relationships 
among the coexisting eukaryotic and viral components. Cluster A(ii), while containing both Aureococcus 




Figure 5.10: Maximum likelihood phylogenetic tree of eukaryotic RPB1 (RNA polymerase II large 






Figure 5.11: Representative SIMPROF clusters containing both viral and eukaryotic members from 
Quantuck Bay (Panel A) and Narragansett Bay (Panel B). Contigs are shown as nodes and the 
correlations as the connecting edges. Phylogenetic classification of the contigs are shown in the bottom 










with eukaryotes belonging to prasinophyceae and pelagophyceae (Figure 5.11). The possibility of 
Aureococcus being infected by more than on virus in nature cannot be discounted (and is perhaps likely).  
Moreover, the potential for AaV to infect closely related Pelagophytes remains a possibility (although this 
has not been seen in lab studies) (Gobler et al., 2007). One cluster, A(i), which contains both a Phycodna- 
and a Mimiviridae member also includes a RPB1 contig phylogenetically placed in Cercozoa group 
(Figure 5.11). Interestingly, although no cercozoan host-NCLDV pairs currently exist in culture, a recent 
study showed integration of NCLDV genes in the genome of a cercozoan Bigelowella natans (Blanc et 
al., 2015). This integrated NCLDV with the B. natans genome  potentially belongs to Phycodnaviridae, 
as revealed by phylogenetic analysis of the MCP gene. 
Similar clusters of phylogenetically distinct eukaryotes and viruses were also found in Narragansett Bay. 
For example, cluster B(iii) contained a Mimiviridae and several ssRNA virus contigs connected to a 
number of choanomonada, stramenopile, diatom and dinoflagellate members (Figure 5.11). The majority 
of the eukaryotic contigs belonged to diatoms followed by dinoflagellates in the Narragansett Bay sample, 
which reflects the protist composition of this site that experiences seasonal diatom blooms (Alexander et 
al., 2015). A large number of contigs having phylogenetic affinity to choanomonada were found in both 
Quantuck bay and Narragansett Bay locations, and found in several of the representative SIMPROF 
clusters (Figure 5).  While larger networks of viruses and eukaryotes existed, clusters with fewer 
members are important since they revealed more specific relationships. For example, cluster B(xiv) 
contained one Mimiviridae, one jakobida (heterotrophic flagellate) and several diatom contigs (Figure 
5.11). To date the  obligate heterotrophs known to be infected by Mimiviridae members are Cafeteria 
roenbergensis (Fischer et al., 2010), Acanthamoeba (Abrahão et al., 2014) and Vermaamoeba spp 
(Reteno et al., 2015). Additionally; Cluster B(xviii) harbors a ssDNA virus, a stramenopile and a 
choanomonada member, while cluster B(xxii) revealed a one-to-one relationship between a Mimiviridae 
and a dinoflagellate (Figure 5.11). Only one dinoflagellate – Heterocapsa circularisquama ,  has been 
shownto be infected by a NCLDV(Kenji et al., 2001). Cluster B(x) and B(xvii) consists of Mimiviridae, 
diatoms and ssRNA viruses. No diatom is known to be infected by a NCLDV yet, although a large 
number of ssRNA virus contigs in our study are phylogenetically closest to diatom infecting RNA viruses 
in the unclassified marine picornavirales group (Figure 5.5 (A& B)). A number of clusters (e.g., B(xii)) 
were enriched with both ssRNA virus and diatom contigs. However, relationship among the ssRNA 
viruses and the eukaryotes need to be interpreted with caution, since these contigs might originate both 




Several clusters contained fungal contigs along with other eukaryotes – pointing to the possibility of a 
parasitic relationship with phytoplanktons and other protists as discussed previously. The AaV-
Aureococcus cluster (A(ii)) harbored a fungus contig and a Barnaviridae member – a family of virus with 
fungi as the only known hosts (Figure 5.11) (Wilson, 2012). Several other clusters, e.g., A(iii) and B(vii) 
also contained fungal contigs. While such observations are certainly not definitive, they might point to the 
existence of parasitic relationships resulting in complicated ecological interactions involving protists, 
fungi and fungal viruses in marine ecosystems. 
Samples over longer time course will be necessary to draw more statistically robust relationships,further 
narrowing down the potential interacting partners. One limitation of reference independent assembly of 
high throughput data is fragmented contigs originating from same transcript – which is illustrated by two 
Aureococcus specific RPB1 contigs in cluster A(ii) that originated from a single coding sequence. Deeper 
sequencing and development of bioinformatics methods will be necessary to produce longer contigs. 
These limitations notwithstanding, our analysis provides a ‘proof-of-principle’ for inferring the complex 
relationships among diverse eukaryotic protists and their viruses using metatrsnscriptomics data. 
Conclusion 
In this study we demonstrate that metatranscriptomics can provide a comprehensive view of the marine 
virosphere by detecting key viral players active in an ecological context. Also, by simultaneously 
detecting viruses with distinct nucleic acids and strandedness, metatranscriptomics can largely overcome 
technical limitations in studying different virus groups owing to their size range and nucleic acid types. In 
the last two decades we have learned a lot about the diversity and dynamics of the phages in the ocean, 
but the eukaryotic virosphere remains elusive, with little known about who is infecting whom in the 
environment. Establishing ecologically relevant host-virus pairs in culture is an important way to 
understand this problem, which remains a formidable, yet necessary task for the huge diversity of 
microeukaryotes and their viruses. As demonstrated in our study, analyzing the vast wealth of information 
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While viruses within distinct phylogenetic categories and every nucleic acid types can infect and lyse 
eukaryotic phytoplankton, phylogenetically related giant dsDNA viruses have been found to be associated 
with algal blooms (Short, 2012). Ecological phenomena like algal blooms are of significant 
biogeochemical and/or economic importance. At the same time, giant viruses have caught the attention of 
evolutionary biologists due to their apparently complex evolutionary trajectory which is intertwined with 
that of their eukaryotic hosts (Iyer et al., 2006, Moreira & Brochier-Armanet, 2008, Boyer et al., 2009, 
Maumus et al., 2014). Association of a giant virus with the harmful bloom alga Aureococcus 
anophagefferens prompted investigation into the role of this virus in modulating the dynamics of these 
blooms (Gastrich et al., 2004, Gobler et al., 2007). However, molecular tools to track the dynamics of this 
virus in situ were not available, limiting such investigation to lab settings. In addition, almost no 
information is available on the fine grain detail of the cellular events associated with AaV infection. 
Research presented in this dissertation commenced with the recognition that recurrent brown tide blooms, 
although a nuisance, can be an excellent ‘model ecosystem’ to study the viral dynamics associated with 
algal blooms in situ. We realized that developing molecular tools will not only allow us to understand 
AaV-Aureococcus relationship better, but also will broaden our understanding on eukaryotic virus-host 
dynamics as a whole.  The findings obtained from this collection of studies can be summarized as follows 
–  
1. AaV is a Nucleocytoplasmic Large DNA Virus (NCLDV), part of a virus group which infect 
diverse eukaryotes and share a common viral ancestor. Phylogenetically, AaV doesn’t belong to 
the Phycodnaviridae family of alga infecting NCLDVs. Rather, it is the smallest ‘giant’ in the 
Mimiviridae (proposed Megaviridae) clade, which harbors some of the largest viruses ever 
discovered. The genome of AaV encodes footprints of intimate coevolution with its host – a large 
number of genes were possibly acquired from Aureococcus or other eukaryotes and bacteria. 
 
2. Upon infection, AaV induces a rapid and massive reprogramming in Aureococcus, as evidenced 
by the altered cellular transcriptomic profile. A large number of cellular pathways are up- or 
downregulated compared to healthy cultures, implying viral modulation of the metabolic 
processes converting a healthy cell into a ‘virocell’, which is geared towards virus production. In 
addition, almost all the genes of AaV were expressed over the course of infection. Viral gene 
expression was temporally coordinated, with different genes possibly associated with different 




3. Algal viruses in the Mimiviridae clade (including AaV) associated with brown tide blooms are 
highly diverse and dynamic – responding to changes in bloom condition. A possible explanation 
could be that these algal viruses were responding to the succession in the microeukaryotic 
community at different stages of the bloom. Algal Mimiviridae members are possibly an 
important component of the aquatic virosphere, and the primers developed in this study can be 
used to study them in diverse ecosystems. 
 
4. Using metatranscriptomics, we determined AaV to be an active component of the brown tide 
blooms and detected diversity and dynamics of eukaryotic viruses with different nucleic acid 
types from both Quantuck Bay and Narragansett Bay study sites. Notably, we showed that time 
course metatranscriptomics can be used to reveal statistical co-occurrences of viruses and their 
putative hosts, and can be a powerful tool to predict such relationships. In fact, we argue that 
metatrancriptomics is potentially superior to metagenomics in drawing such correlations, since it 
focuses on the active members, largely excluding the relationships that might include transient or 
inactive viral community. 
Studying the eukaryotic virus community in situ and at the level of individual host-virus pairs remain a 
formidable yet necessary task to fully understand the contribution of eukaryotic planktons to the marine 
biogeochemistry.  This dissertation presents a number of studies that took both culture dependent and 
ecosystem level approaches to investigate giant virus-host interaction from nanoscale to ecosystem scale. 
Using both contemporary high throughput ‘omics’ approach and more ‘traditional’ techniques, we were 
able to address both finer details and big picture questions regarding giant virus ecology. With the 
necessary genomic information finally available, “Aureococcus – AaV” pair joins the small number of 
marine algal virus –host model systems. This opens up avenue for hypotheses driven research on this 
system, results of which will have broader implications for the field. A number of questions that will 
catch the attention of the researchers in near future can be envisioned. The molecular aspects of different 
‘virocells’ will be investigated in search for markers of infection and commonality/differences in the viral 
strategies for virocell conversion across diverse hosts. Accomplishing this goal will also necessitate 
isolation of new host-virus pairs. Giant viruses forming distinct lineages within the same phylogenetic 
group (Mimivirus and Megavirus chilensis) can infect the same host (Arslan et al., 2011), giving rise to 
the question, “how prevalent is such promiscuous relationship in natural giant virus communities?” 
Researching this question will provide important insights on the mechanism and extent to which giant 
viruses can drive the eukaryotic dynamics in the aquatic systems.  However, marine eukaryotic 
community is enormously diverse (de Vargas et al., 2015), and teasing apart the host-virus relationships 
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within this complex community will be challenging. Techniques will have to be developed for such 
predictions in a ‘high throughput’ manner, so that predictive models can be built incorporating these 
relationships.  Metagenomics and targeted amplicon based approaches are already being used for 
predicting host-virus networks. However, as we have demonstrated the ‘proof of principle’ in this thesis, 
time series metatranscriptomics can be a suitable way to address this question along with gauging the 
diversity and dynamics of the active host and viral community.  Already underway, the coevolution of 
giant viruses and their hosts will be more extensively researched, especially the function of specific viral 
genes in modulating host processes. Mechanism and preference in gain and loss of genes by giant viruses 
might necessitate ‘long term evolution’ experiments in lab – an approach already applied to Mimivirus 
(Boyer et al., 2011). 
This is an exciting era for aquatic virus research with scopes for significant contribution towards 
understanding the Earth’s biosphere in a changing climate. Research presented in this dissertation was not 
only limited to a particular host-virus system, but also attempted to resolve long standing questions on 
marine virus ecology. We believe this body of work has the potential to propel the field forward with new 
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